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ABSTRACT 
 
The viscosity of asphalt binder is of significant interest to those in the pavement industry.  
When a particular binder is selected for use in a pavement design, it must be rigid enough to 
support traffic loads and maintain its shape throughout its service life.  However, it must not be 
so rigid that it fails when subjected to low temperatures or high stress levels.  Additionally, 
binder must be sufficiently fluid so that good mixing and compaction are attainable during 
construction.  Traditionally, binder viscosity is measured using capillary or rotational 
viscometers.  However, due to equipment limitations, the use of these viscometers can be tedious 
and time consuming.   
A study to investigate the feasibility of using ultrasonic waveguides to measure the 
viscosity of asphalt binder as a function of temperature is presented.  It was observed that the 
fundamental torsional mode of a solid, cylindrical waveguide is sensitive to the viscosities of 
different performance graded (PG) binders.   End-of-waveguide reflections were measured and 
correlated to viscosity values determined by a rotational viscometer.  Additionally, the device’s 
sensitivity to aging was investigated by testing binder in situ as it suffered prolonged exposure to 
heat and by testing samples that had been oven-aged.  The device was shown to be sensitive to 
variations in viscosity, whether due to the materials belonging to different PG grades or because 
they had been subjected to different amounts of aging.  From the results of this study, the 
proposed guided wave system is suggested for further study and eventual implementation in the 
asphalt industry.  
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CHAPTER 1: 
INTRODUCTION 
 
 
According to the National Asphalt Pavement Association (NAPA), an estimated 93% of 
the 2.6 million miles of paved roadways in the United States are surfaced with asphalt [1].  The 
use of asphalt in pavements is advantageous for many reasons.  Asphalt is manufactured from the 
byproducts of petroleum refinement and is therefore cost effective and readily available [2].  
Asphalt pavements are durable, long lasting and can be quickly constructed or repaired in 
contrast to cement pavements; they are also smoother and quieter [3].  Additionally, asphalt 
pavements are entirely reusable and recycled materials are frequently used as part of new 
pavements.  According to NAPA, an estimated 68.3 million tons of reclaimed asphalt pavement 
(RAP) and 1.86 million tons of recycled asphalt shingles (RAS) were used in new pavements in 
2012.  The use of ground rubber tires, furnace slag and other industrial waste products are also 
under investigation for use in new pavements [4].  Asphalt is therefore a reliable and robust 
material for roadway construction. 
Though asphalt is a widely used material, this does not mean it is a simple one; on the 
contrary, its behavior is rather complex.  In addition to its chemical composition varying by 
source, the physical properties of asphalt binder vary with time, temperature, mechanical loading 
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and exposure to oxygen [2].  Therefore, the properties of a particular binder must be determined 
prior to its use as part of a pavement.  The tests performed to determine these properties are 
governed by a system proposed by the Strategic Highway Research Program (SHRP) referred to 
as Superpave
TM
, a system for designing Superior Performing Asphalt Pavements. 
Asphalt binder is extremely susceptible to changes in temperature.  Therefore, Superpave 
grades binders based on the temperatures at which they achieve a certain level of performance [2, 
5].  Binders are then selected for use based on their resultant temperature grades and on the 
temperatures which they are expected to encounter in service.  More specifically, Superpave 
grades binders with high and low temperature designations such that if an appropriate binder is 
chosen, the resultant pavement will be resistant temperature-driven failures such as rutting at 
high temperatures and cracking at low temperatures, shown in Figures 1 and 2, respectively. 
 Performance graded binders are designated PG XX-YY.  XX is the high temperature 
designation and corresponds to the average temperature the binder is expected to encounter over 
a seven day period.   YY is the low temperature designation and corresponds to the lowest 
expected pavement temperature [2, 8].  Therefore, an appropriate binder may be chosen based on 
 
Figure 1: High temperature pavement failure due to rutting 
(extracted from [6]) 
 
Figure 2: Low temperature pavement failure due to thermal 
cracking (extracted from [7]) 
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the temperatures a given pavement is expected to encounter while in service.  Several tests are 
required by Superpave to determine these temperature designations, one of which is 
determination of binder viscosity [2, 5, 8].  
The viscosity of asphalt binder is of particular interest at elevated temperatures which are 
typically encountered during mixing and construction.  If a binder is too stiff, proper mixing 
cannot occur.  Conversely, if a binder is too fluid, it will be susceptible to rutting in service.   
Currently in industry, binder viscosity is measured with capillary and rotational viscometers. Due 
to fundamental limitations, neither capillary nor rotational viscometers are capable of capturing 
the variety of viscosity values a binder may potentially possess over a wide temperature range 
[9].  Additionally, adjustments are often required of these more traditional viscometers even 
when testing at a single temperature depending on the properties of the particular binder under 
test.  For example, stiff binders often require vacuums to initiate flow in capillary viscometers 
and changes in spindle size and/or rotational speed are not uncommon with the use of rotational 
viscometers.  Therefore, testing a particular binder over a wide range of temperatures typically 
requires the use of several instruments, which is both tedious and time consuming.  Thus, a more 
robust method for determining binder viscosity would be extremely valuable in the asphalt 
industry. 
Ultrasonics have long been used to test materials nondestructively.  More specifically, 
they have been used: to determine fluid film thicknesses [10]; to discern fluid levels and flow 
rates [11]; to determine fluid density [12]; to monitor resin-curing in real time [13]; and to detect 
flaws in piping and tubing [14, 15].  More recently, bulk wave and guided wave ultrasonic 
techniques have also been extended to determine fluid viscosity, often in-line, in real time and 
for a wide range of material properties [16, 17].  Guided wave techniques in particular have been 
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shown to be extremely practical when testing severely attenuative materials such as asphalt 
binder.  Therefore, it is believed that binder viscosity may potentially be determined over a wide 
temperature range and with minimal adjustments to equipment using a guided wave technique.  
Such a method is detailed in the following chapters, which are outlined below. 
Chapter 2 provides a concise description of the behavior of asphalt binder and an 
overview of the methods currently used in industry to quantify binder viscosity specifically.  In 
addition to the traditional capillary and rotational viscometers used for this purpose, two 
pioneering techniques, drop shape recovery and zero shear viscosity, have also been presented. 
 Chapter 3 provides a literature review on various ultrasonic methods used to determine 
fluid viscosity.  Both bulk wave and guided wave techniques are presented. 
Chapter 4 explores the principles that govern the propagation of guided waves. The 
concepts of dispersion, acoustic impedance, reflection and transmission, and attenuation are 
discussed.   
Chapter 5 gives a detailed description of the proposed, guided wave technique for 
determining the viscosity of asphalt binder.  The measured end-of-waveguide reflection was 
monitored over a range of temperatures for five binders subjected to different amounts of aging 
and of different performance grades.  Additionally, the guided wave technique’s sensitivity to 
aging was investigated by testing binder in situ as it aged and by testing binder that had been 
oven-aged. 
Chapter 6 evaluates the performance of the guided wave system in each of the tests 
performed.  For each binder tested, the magnitudes of the end-of-waveguide reflections were 
correlated to viscosity measured by a rotational viscometer. Furthermore, the magnitudes of 
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these same reflections were used to assess the proposed technique’s sensitivity to property 
changes in aged materials. 
Chapter 7 states the conclusions and suggested future work necessary to further develop 
this method for determining the viscosity of asphalt binder. 
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CHAPTER 2:  
RHEOLOGY OF ASPHALT BINDER 
 
 
The rheological properties of asphalt binder are an essential component in the design and 
production of asphalt pavements.  Firstly, the binder must possess enough rigidity to support 
traffic loads and maintain its shape throughout its service life.  However, it must not be so rigid 
that it cracks at low temperatures or fractures under high levels of stress.  Moreover, the binder 
needs to retain a certain level of fluidity at higher temperatures so that good mixing and 
compaction are attainable during construction [2, 5, 18].  As a result, the consistency of asphalt 
binder is of great significance to those in the pavement industry. 
   The consistency of asphalt binder varies with its chemical composition, which can be 
linked to its place of origin.  Some asphalts are naturally occurring and vary with the asphalt 
lakes from which they are excavated; their composition is affected by the organic matter that 
coexists in these lakes.  However, most asphalts used in pavements are waste products from 
petroleum refinement.  These asphalts vary in molecular structure based on the crude oil from 
which they were refined [2].  Because binder composition is so inconsistent, its behavior is 
extremely variable as well.  Therefore, it is important to quantify a binder’s fluidity; this is 
commonly achieved by determining its viscosity. 
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2.1 VISCOSITY 
 In 1967, in his Principia, Sir Isaac Newton described what is now referred to as viscosity: 
“the resistance which arises from the lack of slipperiness of the parts of the liquid, other things 
being equal, is proportional to the velocity with which parts of the liquids are separated from one 
another” [19].  However, this is not the only interpretation of viscosity; it can also be taken as the 
intensity of work spent maintaining a flow [20] or as the internal friction between molecules 
[21]. It can be characterized mathematically as the ratio of stress to the rate of deformation.  This 
last relationship is probably the most physically concise definition and is likely the most 
commonly employed [19].  However, determining this relationship is not an easy task.   
 Viscosity, when defined as the ratio of applied shear stress to the rate of shear, is 
expressed in poises (Pa·s).  However, this relationship can take many forms.  Oftentimes, shear 
stress increases linearly with shear rate.  Materials that exhibit this behavior are said to be 
Newtonian; otherwise they are called non-Newtonian.  Non-Newtonian fluids are time or shear-
rate dependent.  If the shear stress decreases with increasing time, the fluid is said to be shear 
thinning.  Conversely, if the shear stress increases with increasing time, the material is shear 
thickening [19].  As such, the shear rate applied to non-Newtonian fluids when determining 
viscosity must be reported with the viscosity value.  Furthermore, some materials must overcome 
a yield stress prior to shearing.  There are referred to as Bingham plastics and they may exhibit 
either shear thinning or shear thickening behavior once flow is initiated.  These shear rate 
responses are illustrated in Figure 3. 
 In addition to a material’s viscous response, some materials exhibit an elastic response as 
well; asphalt binder is one such material.  Because these substances have a combined response 
and because they are typically temperature dependent as well, their behavior is especially 
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difficult to characterize.  Specifically, asphalt binders tend to behave as Newtonian fluids at 
higher temperatures, but depending on their chemical composition, they can exhibit either shear- 
thinning or shear thickening behavior at cooler temperatures.  As a result of the extremely 
variable responses asphalt binders possess under shear, a plethora of devices have been 
constructed to determine the viscosity of asphalt binder [22].   
Initially, asphalt’s fluidity was quantified by the penetration test.  In this test, a needle of 
precise weight and geometry is lowered into a cup of binder by releasing a 100g weight and 
letting it fall for a five seconds [23].  The needle’s depth of penetration is then used to 
characterize the consistency of the binder.  However, while this test’s results correlate to 
consistency, they are empirical in nature.  Furthermore, the result is expressed in penetration 
depth, which is not a fundamental unit such as viscosity [1].   Because expressing test results in 
fundamental units is desirable, several attempts had been made to mathematically convert 
 
Figure 3: Newtonian, shear thinning, shear thickening and Bingham plastic materials (adapted from [19]) 
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penetration depth to viscosity [9].  However, none of these attempts were reliably successful, so 
viscosity must be measured directly by means of a viscometer. 
 
2.2 VISCOMETERS 
 Binder rheology has been a topic of study for several hundreds of years.  Countless 
devices have been constructed and innumerable methodologies have been proposed for the 
purpose of determining viscosity.  These include conventional glass capillary and rotational 
viscometers, as well as some more progressive techniques, namely drop shape recovery and zero 
shear viscosity.  The following investigates the principles of operation, as well as the benefits 
and limitations of the conventional viscometers that are approved by the American Society for 
Testing and Materials (ASTM) for use with asphalt binder.  Drop shape recovery and zero shear 
viscosity methods adapted specifically to the viscosity determination of asphalt binder have also 
been presented though their uses are not approved by ASTM. 
 
GLASS CAPILLARY VISCOMETERS 
 Glass capillary or U Tube viscometers, sometimes referred to as Ostwald viscometers for 
Wilhelm Ostwald, are the basest and most traditional of all viscometers.  They operate under the 
principles of surface tension and capillary action and can be divided into two different 
subclasses: traditional glass capillary and vacuum glass capillary [21].   
 Traditional capillary viscometers typically operate without the application of external 
pressure and measure kinematic viscosity in stokes.  Kinematic viscosity is the ratio of viscosity 
to density, and is thus synonymous to a material’s resistance to flow under to force of gravity 
[24]; capillary viscometers that operate in this manner are also referred to as gravity-type 
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viscometers.  However, some binders are so viscous at the desired test temperature that they 
require an external vacuum to initiate flow.  Once flow is initiated, the vacuum is removed, so 
kinematic viscosity is still reported.  Even stiffer binders require the application of external 
pressure throughout testing.  These types of viscometers are additionally referred to as external 
pressure-type viscometers and report absolute viscosity in poises, that is, the ratio of stress and 
shear rate without consideration of density [25].  As a result, the density of the material under 
test need not be known. To convert to absolute viscosity, the kinematic viscosity must be 
multiplied by the material’s density [24]. 
Both gravity-type and external pressure-type capillary viscometers operate in much the 
same manner.  A known volume of binder is placed in the viscometer which is then heated to the 
desired test temperature.  Once flow is initiated, either by gravity or with the use of a vacuum, 
the time is measured for the binder to pass between markings on the viscometer.  This efflux 
time is multiplied by a calibration factor associated with the viscometer to obtain viscosity.   
However, according to ASTM D2170 and ASTM D2171, the standards that describe the test 
procedures for determining kinematic and absolute viscosities respectively, the efflux time must 
be greater than 60 seconds for the measurement to be considered valid [24, 25]. 
 Within the confines of capillary viscometers, there are a number of variations on 
Ostwald’s original glass capillary viscometer.  Many of these variants include the addition of 
bulbs and cross arms of varying geometry.  Of the gravity-type viscometers, the following are 
approved by ASTM for determining the viscosity of asphalt binder between 60 and 135 °C (140 
to 275 °F): Cannon-Fenske, Zeitfuchs cross-arm, Lantz- Zeitfuchs and BS U-Tube modified 
reverse flow [24].  These viscometers are pictured in Figure 4a.  Furthermore, ASTM also 
approves the following vacuum viscometers at 60 °C (140 °F): Cannon- Manning Vacuum 
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Viscometer (CMVV), Asphalt Institute Vacuum Viscometer (AIVV) and Modified Koppers 
Vacuum Viscometer (MKVV) [25].  These viscometers are illustrated in Figure 4b.   
    
  
  
 
 
a) Gravity-type viscometers including Cannon-Fenske, 
Zeitfuchs cross-arm, Lantz- Zeitfuchs and BS U-Tube 
modified reverse flow viscometers (adapted from [24]) 
 b) External-pressure type viscometers including Cannon- 
Manning (CMVV), Asphalt Institute (AIVV) and Modified 
Koppers (MKVV) vacuum viscometers (adapted from [25]) 
 
Figure 4: Capillary viscometers approved for use with asphalt binder by ASTM 
 Capillary viscometers are frequently used for the determination of asphalt binder 
viscosity because they are relatively uncomplicated.  A small amount of binder is required and 
the equipment is both minimal and inexpensive [21].  The nature of capillary viscometers also 
restricts the binder’s exposure to air, which helps to mitigate undesired aging [2].  Conversely, 
asphalt binder becomes significantly more viscous at lower temperatures.  This results in very 
high efflux times when capillary viscometers are used, thus rendering the equipment impractical.  
Therefore, other types of viscometers are needed to classify binder viscosity over an extensive 
temperature range and for a wide assortment of binder stiffnesses.   
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ROTATIONAL VISCOMETERS 
Rotational viscometers are used to measure binder viscosity at elevated temperatures 
such as those typically encountered during construction [2].  Rotational viscometers output the 
apparent viscosity, or the ratio of shear stress to rate of shear, for either Newtonian or non-
Newtonian fluids, which is measured in poises [26].   
 In general, the most common type of rotational viscometer is the “cup-and-bob” 
apparatus.  The cup holds the sample and heats it by means of a heat-regulating container.  Prior 
to testing, the sample is placed in the cup and allowed to equilibrate to the desired test 
temperature while the bob, or spindle, is placed in an oven to do the same.  The bob is then 
placed in the sample and suspended in the center of the cup.  The bob rotates to maintain a 
constant rotational speed or a constant torque while simultaneously measuring the resultant 
torque or rotational speed required to maintain such conditions.  The apparent viscosity is 
determined by the apparatus based on the measured response and the geometry associated with 
the both the cup and the bob.  The application of constant torque is not approved by ASTM 
D4402 and is therefore less common than the application of constant rotational speed [26, 27].   
For valid results, rotational viscometers must be given adequate time to report consistent 
viscosity values and the torque, which is also reported by the instrument, must be between 10 
and 98% capacity of the device.  If the reported torque falls out of range, the rotational speed, 
spindle size and/or test temperature must be adjusted.  Moreover, ASTM D4402 requires the 
following be reported in addition to the apparent viscosity value reported by the viscometer: test 
temperature, geometry associated with the apparatus (e.g. spindle size), percent torque capacity 
of the apparatus and rotational speed [26]. 
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Rotational viscometers come in an assortment of shapes and sizes, though most 
apparatuses are some variation of the concentric cylinder viscometer, as illustrated in Figure 5 
[21].  In general, the cup can be held stationary while the bob rotates or the bob can be held 
stationary while the cup rotates, the former of which is the most common.  The bob can either be 
fully or partially submerged and can take a variety of shapes.  For example, conical ends help to 
reduce end effects in comparison to flat-bottomed bobs.  As a result, the material under test is 
subjected to more uniform shear rates, which helps improve measurement accuracy [21].  
Typically, when using rotational viscometers to measure the viscosity of asphalt binder, a 
stationary cup is used in tandem with a conical-ended, fully submerged bob.  The most widely 
used rotational viscometer of this type is the Brookfield viscometer [1].   
 
Figure 5: Rotational viscometer apparatus (adapted from [26]) 
In addition to the traditional rotational viscometers, the California Department of 
Transportation also permits the use of a hand held rotational viscometer to determine viscosity at 
190 °C (375 °F).  However, this particular viscometer utilizes a flat-bottomed spindle [28].  
Therefore, the results are not only variable due to the hand-held nature of the device, but they are 
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also subject to inconsistent shear stresses that develop from the ends of the spindle.  This is 
somewhat alleviated by taking the average of three replicates, which is required by the laboratory 
procedure.  Furthermore, the procedure warns that false readings due the nature of the device 
may indicate the occurrence of shear thinning, even for strictly Newtonian materials.  For this 
reason, the highest reading observed is recorded for each replicate [28]. 
 Rotational viscometers offer two benefits in comparison to other types of viscometers: 
they apply nearly uniform shear stress throughout the material being tested and they are capable 
of maintaining these conditions for an unlimited amount of time [20].  This makes rotational 
viscometers especially useful for characterizing non-Newtonian materials which are shear rate 
dependent.  Furthermore, nearly uniform shear stress is attainable if the bob has conical ends as 
in the case of the Brookfield viscometer.  Additionally, rotational viscometers can be utilized to 
determine binder viscosity at various rates of shear and over a wide temperature range from 38 to 
260 °C (100-500 °F) depending on the binder tested [26].  Conversely, rotational viscometers are 
not as accurate for Newtonian materials in comparison to capillary viscometers [21]. 
 In addition to the more traditional methods of determining asphalt binder viscosity such 
as those discussed thus far, there have been some inventive approaches as well.  Some have 
sought to improve upon existing technology.  Lin, Wang, Chen and Wang, for example, 
developed an optical sensor for use with capillary viscometers that improved the measurement 
accuracy of efflux times [29].   Others have investigated the effectiveness of extending the 
theoretical concept of zero shear viscosity (ZSV) to a physical measurement [30, 31].  Still 
others have developed highly sophisticated methods for determining viscosity absent the effects 
of dissipative heating by means of drop shape recovery [32].  The zero shear viscosity and drop 
shape recovery methods, summarized in the following, are not currently approved by ASTM or 
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by the American Association of State Highway and Transportations Officials (AASHTO), but 
may potentially characterize binder behavior more accurately and more robustly than capillary or 
rotational viscometers. 
 
ZERO SHEAR VISCOSITY 
Zero shear viscosity (ZSV) is the theoretical value of viscosity when no shear stress is 
applied to a material.  More practically speaking, it is the viscosity of a material measured when 
the rate of applied shear approaches zero.  The slow shear rate allows the material to 
continuously maintain a state of equilibrium such that deformation eventually reaches a constant 
value and viscosity is independent of shear rate [30].  However, ZSV is a theoretical concept and 
there is no way to measure it absolutely [31].  Therefore, the results from several different tests 
were extrapolated by means of various models to determine the ZSV of asphalt binder. 
Morea, Agnusdei and Zerbino investigated the potential for creep and frequency sweep 
tests to predict the ZSV of various polymer-modified and unmodified binders. It was noted that 
the shear stresses applied must be sufficiently low such that the binder’s response remained in 
the linear viscoelastic region.  Otherwise, viscosity was not independent of shear stress and thus 
did not reflect zero-shear behavior. The creep test subjected binder to constant stress for a 
sufficiently long time such that steady state deformation was achieved. In the case of the 
frequency sweep test, the complex viscosity of a material was evaluated over a range of 
frequencies using a dynamic shear rheometer (DSR).  Morea et al. fit the measured creep data 
using Burger’s model and fit the measured frequency sweep data using the Cross model; the 
models were then used to extrapolate ZSV values.  It was observed that steady state deformation 
was not always attainable for either test, especially when analyzing the behavior of highly-
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modified binders. In these cases, extrapolation to obtain ZSV values was deemed imprudent.  
Experimentally, Morea et al. found that both frequency sweep and creep test methods led to 
similar ZSV results for the tested binders. However, the frequency sweep test was preferred 
because it took less time to carry out than the creep test [30]. 
In a similar study, Biro, Gandhi and Amirkhanian scrutinized the use creep, frequency 
sweep and creep recovery tests for ZSV determination.  Unlike Morea et al., Biro et al. used 
several different models to fit the measured data:  results from the creep test were fit using 
Burger’s and Carreau’s models; the Cross/Williamson’s, the Cross/ Sybilski’s model and 
Carreau’s model were used to fit the frequency sweep data; and Burger’s model was used to fit 
data from the creep recovery tests.  
Upon conclusion of this study, Biro found that no matter which model was used to fit the 
data from a given test, the ZSV values obtained agreed reasonably well with each other.  Unlike 
Morea et al., Biro et al. did not find good agreement between values determined from different 
test methods.  However, while the ZSV values obtained differed, the observed trends did not.  
For example, if a creep test was performed and an unmodified binder was determined to have a 
lower ZSV value than a modified binder, the same result would be produced if a frequency test 
were performed on the same samples though the actual viscosity values obtained may differ.  
Biro theorized that the discrepancies observed may be a result of variables such as test 
parameters or the number of iterations used to fit the measured data.  As a result of this 
observation, Biro suggested that ZSV values not be used to quantify binder behavior explicitly 
[31].   
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DROP SHAPE RECOVERY 
The viscosity of fluids can also be determined by means of a method known as drop 
shape recovery in which a small drop of the material of interest is suspended in a fluid and then 
distorted.  Using video equipment, the drop’s recovery process is recorded as it returns to its 
original shape.  This process is governed by the interfacial tension between the two fluids and is 
rate-restricted by the viscosity of the more viscous liquid.  Assuming the surrounding fluid is 
immiscible and the interfacial tension between the fluids is known, the dynamics of the recovery 
process can be used to determine the viscosity of the drop. Moran and Yeung modified the 
parameters of traditional drop shape recovery to be more practical for highly viscous materials, 
such as bitumen. 
While this method requires some fairly sophisticated equipment and knowledge of the 
interfacial tension between the two fluids, it is attractive for determining viscosity because it is 
immune to the effects of dissipative heating. Traditional viscosity measurement techniques 
involve deforming the material of interest at relatively high shear rates, which especially in the 
case of very viscous materials such as asphalt binder, give rise to dissipative heating.  When 
these effects are neglected, energy lost to heat is mistakenly attributed to viscosity.  As a result, 
the reported viscosity values are skewed such that a Newtonian fluid would appear to exhibit 
shear thinning behavior though the dissipated energy is in fact a consequence of the test method 
and is not characteristic of the material.  Moran and Yeung reported that this misconception can 
result in viscosity values underestimated by as much as an order of magnitude.  Drop shape 
recovery was validated by testing two viscosity standard oils; results were in very close 
agreement with the accepted values.  However, values obtained when testing bitumen were 
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nearly an order of magnitude greater than those typically encountered in the literature; this 
discrepancy was thought to arise from the disregard of dissipative heating effects [32]. 
 
2.3 CONCLUSIONS  
 Glass capillary and rotational viscometers for the determination of asphalt binder 
viscosity were investigated; the use of these devices is approved by ASTM.  Additionally, zero 
shear viscosity (ZSV) and drop shape recovery methods were also presented.  While all of these 
methods are capable of successfully characterizing the rheological properties of asphalt binder, 
trained technicians must perform these tests, strictly adhering to standards to ensure 
measurement accuracy and repeatability.  Furthermore, several instruments are typically required 
to capture binder viscosity as it changes with temperature, which is both tedious and time 
consuming.  Therefore, a more robust method for determining viscosity would be extremely 
beneficial to those in the pavement industry.  
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CHAPTER 3:  
 
RHEOLOGICAL CHARACTERIZATION 
OF MATERIALS USING ULTRASONICS 
 
 
 
 
 
The traditional methods used to determine the viscosity of asphalt binder are less than 
ideal.    They are typically slow and their use is not practical at cooler temperatures when binder 
is more solid.  Alternatively, ultrasonic methods have been used to determine the viscosities of 
various fluids in real-time and over wide temperature ranges in the food industry [33], in 
machining applications [10] and in process engineering [11, 16].  Therefore, ultrasonic methods 
may potentially be extended to determine viscosity in the pavement industry as well. 
Ultrasonic waves are mechanical in nature and their propagation is therefore influenced 
by the mechanical properties of the media with which they interact.  If the resultant changes of 
these waves as they propagate through a material of interest are able to be measured and 
quantified, they can be used to infer material properties; this is the essence of nondestructive 
testing [34].  Therefore, a material’s response to ultrasonic energy may be used to determine its 
viscosity.  Practically speaking, this may be accomplished by subjecting the medium to either 
bulk or guided waves.  Both of these interrogation techniques are explored in the following.   
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3.1 BULK WAVES 
The most straight forward means of subjecting a material to ultrasonic energy is via bulk 
waves.  Experimentally, subjecting fluids to ultrasonic energy becomes significantly more 
difficult because the fluid must somehow be contained.  Additionally, if the fluid is very viscous, 
waves will severely attenuate as they travel through the medium, rendering through-transmission 
approaches impractical.  However, when a pulse-echo approach is used, the reflection that occurs 
at the solid-liquid interface between the test equipment and the fluid of interest is indicative of 
the material properties of both media.  The study of these reflected waves has been previously 
used: to determine fluid film thicknesses [10]; to discern fluid levels and flow rates [11]; to 
determine fluid density [12]; and to monitor resin-curing in real time [13].  Similar methods have 
been applied to determine the shear properties of fluids as well.  The following summarizes 
several of the different ultrasonic approaches used to determine the viscosity of fluids 
specifically. 
 
NORMAL INCIDENCE SHEAR WAVES 
It has been observed that when subjected to bulk shear waves, the shear impedance of a 
fluid influences both the phase and magnitude of the waves reflected off the fluid’s surface. Shah 
and Balasubramaniam investigated the potential to determine viscosity in bulk media by 
measuring the resultant reflection resultant from normal incidence, horizontally polarized shear 
waves. Assuming purely Newtonian fluids, they showed that the phase and magnitude of the 
reflection coefficient can be decoupled such that the phase can be determined from the 
magnitude of the reflection coefficient and vice versa.  Therefore, one has the option of 
measuring phase or magnitude in order to determine the viscosity of the adjacent fluid.  
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However, amplitude measurements required instrument calibration because they were influenced 
by test parameters and were therefore ambiguous without a point of reference.  Furthermore, 
changes in phase were more accurately measured than changes in amplitude.  The use of both 
methods was investigated experimentally. 
When used to characterize the shear properties of low viscosity fluids, the amplitude and 
phase measurement methods yielded agreeable results.  As the shear impedance of the fluid 
increased, the phase method yielded more accurate viscosity values.  Additionally, measurement 
sensitivity was increased at elevated frequencies.   However, the model Shah and 
Balasubramaniam used to translate measured phases to shear impedance values was limited to 
only Newtonian fluids as it was unable to account for the influence of the relaxation mechanisms 
that characterize non-Newtonian behavior.  Additionally, to determine viscosity from the 
measured shear impedance, the density of the material of interest was determined independently.  
Kulmyrzaev and McClements also investigated the reflection of shear waves from solid-
fluid boundaries in bulk media, though their analysis extended to non-Newtonian fluids.  To 
capture this more complex fluid behavior, measurement of the phase and magnitude of the 
complex reflection coefficient were required over a range of frequencies.  Conversion from the 
measured quantities to viscosity additionally required knowledge of the fluid density, which was 
determined independently [35]. 
Honey samples, diluted to vary their shear properties, were subjected to shear waves of 
different frequencies.  The phases and magnitudes of the resultant reflections were measured and 
with the fluid density, were used to determine viscosity as a function of frequency. To validate 
these findings, the viscosities of the honey samples were determined by a Couette viscometer 
and compared to the ultrasonically-determined values.  For the higher viscosity fluids, the 
22 
 
ultrasonic method proved very accurate.  This was not the case for lower viscosity samples, a 
result primarily due to the way in which the device was calibrated.  The viscosity-standard fluids 
used to calibrate the device had relatively low viscosities.  Therefore, when the ultrasonic device 
was used to measure the viscosity of low viscosity honey samples, the resultant reflection was 
similar to that of the calibration signal, which rendered measurement of slight changes in 
amplitude extremely difficult.   Finally, Kulmyrzaev and McClements noted that due to the 
nature of the test setup, viscosity values were indicative of surface properties rather than those of 
the bulk material.  Therefore, this method would not be applicable if bulk properties were 
suspected to differ significantly from material properties near the surface [33].    
Cohen-Tenoudji, Pardee, Tittmann, Ahlberg and Elsley employed a similar ultrasonic 
method for the purpose of monitoring the frequency-dependent viscosity of resin as it changed 
while curing.  Resin is viscoelastic, meaning the velocity and the attenuation of waves reflected 
from its surface are related to both its elastic and dissipative material constants.  By measuring 
the complex reflection coefficient of bulk shear waves normally incident on this resin’s surface, 
Cohen-Tenoudji et al. were able to determine the complex shear modulus of the fluid of interest.  
In order to ensure high accuracy measurements of both phase and magnitude, Cohen-Tenoudji et 
al. developed a new, self-calibrating sensor, which was capable of compensating for signal 
variations due to the temperature changes encountered during curing.  More specifically, thermal 
expansions in the transducer buffer resulted in path length elongations while the shear velocity 
also increased with temperature. The design of this sensor compensated for both of these 
phenomena, which resulted in increased measurement accuracy.   
From the measured complex reflection coefficient, the fluid density and the acoustic 
impedance of the buffer, the complex shear modulus was determined over a range of frequencies.  
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The viscosity values extracted from the measured shear impedances were compared to those 
obtained using a traditional rotating plate viscometer.  Both methods displayed the same 
viscosity-frequency trend as illustrated in Figure 6, though the magnitude of the values obtained 
were inconsistent.  However, since the viscosity trend was successfully captured, monitoring 
shear properties in this way was deemed a useful tool in the cure monitoring process [36]. 
 
Figure 6: Viscosity values determined by a) a rotating plate viscometer and b) from ultrasonic reflections (adapted from [36]) 
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OBLIQUE INCIDENCE SHEAR WAVES 
 In addition to the use of normal incidence shear waves such as those previously 
described, oblique incidence waves can also be used to interrogate the shear properties of a 
material.  To determine viscosity from oblique-incidence reflections at a solid-liquid interface, 
the density of the fluid and the shear velocity in the wedge used to transmit the waves to the fluid 
must be known. 
Greenwood and Bamberger determined the viscosity of Newtonian fluids using an array 
of ultrasonic transducers, illustrated in Figure 7.  With this array, which consisted of a normal 
incidence shear transducer, a normal incidence longitudinal transducer and several oblique 
incidence shear transducers, they were able to measure the reflection coefficient as well the fluid 
density and the shear velocity of the wedge without conducting any independent tests.  However, 
the array did require calibration prior to testing, which with knowledge of the wedge’s density, 
was carried out by submerging the array in water.  Greenwood and Bamberger were then able to 
determine the viscosity of non-Newtonian fluids; their results were consistent with values 
obtained with a Haake viscometer.  When testing lower-viscosity fluids, Greenwood and 
Bamberger increased sensitivity to the measured reflection by analyzing later-occurring surface 
reflections instead of analyzing the first [16].   
 
Figure 7: Transducer array (adapted from [16]) 
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In a subsequent investigation, Greenwood Adamson and Bond used a shear transducer 
fused to a right angle wedge, illustrated in Figure 8, to determine the viscosity of Newtonian 
fluids and the shear impedance of non-Newtonian fluids.  The shear characteristics of these 
fluids were determined by measuring the amplitude of the reflections from the wedge-fluid 
interface with knowledge of the fluid density, which was determined from an independent test 
[17].   
 
Figure 8: Transducer and wedge (adapted from [17]) 
Similarly, in a preliminary study, Mason showed that the reflection and phase shift 
observed as a result of normal incidence shear waves on a solid-liquid interface were related to 
shear elasticity and viscosity of an adjacent, viscoelastic material [37]. O’Neil mathematically 
showed that measurement sensitivity of this method was increased if obliquely incident shear 
waves were used in lieu of normal incidence waves, though the relationship between the material 
constants became more complicated as a result.  O’Neil described the general properties of these 
obliquely reflected and refracted shear waves in isotropic, viscoelastic media.  More specifically, 
he predicted that by measuring the reflection loss and phase shift of obliquely incident shear 
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waves at a solid-liquid interface, the characteristic impedance of the fluid could be determined.  
Assuming the densities of all the materials used were known, the elasticity and viscosity could 
then be obtained from the real and imaginary parts of the impedance, respectively [38]. 
Mason, Baker, McSkimin and Heiss confirmed O’Neil’s mathematical results 
experimentally.  Initially, a torsionally vibrating crystal was submerged in a viscous fluid.  The 
reflection loss and phase shift were measured over a range of frequencies and used to determine 
the elastic and viscous characteristics of the fluid.  Then, a buffer rod, illustrated in Figure 9, was 
used to confirm O’Neil’s predicted sensitivity increase with the use of obliquely incident shear 
waves [38, 39]. 
 
Figure 9: Buffer rod used to transmit obliquely incident shear waves to a liquid of interest (adapted from [38]) 
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was angled such that incident longitudinal waves were mode converted to shear waves, which 
reflected off the fluid surface at normal incidence.  The reflected shear waves then traveled back 
through the prism and were mode converted back to longitudinal waves at the prism-water 
interface. 
The shear wave reflection from the prism-fluid interface was influenced by the shear 
properties of the fluid, meaning it was sensitive to the fluid viscosity.  Both the magnitude and 
the phase of the reflection coefficient were determined from the initially generated longitudinal 
wave and the twice-mode converted wave reflected from the prism-fluid interface.   The 
measured reflections were normalized with respect to a reference measurement, which was taken 
when the fluid sample was replaced with air.   The success of this method required knowledge of 
the wave velocities through the solid buffer and the prism, their densities and the fluid density, 
all of which were determined from independent tests. By measuring viscosity in this way, any 
measurement errors due to the unintentional generation of longitudinal waves by shear 
transducers were evaded [41]. 
 
Figure 10: Measurement cell used to subject the fluid of interest to pure shear waves (adapted from [41]) 
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Using a similar approach, Franco, Adamowski, Higuti and Buiochi also investigated the 
use of mode converted longitudinal waves to determine fluid viscosity.  However, Franco et al. 
eliminated the need for independent tests to determine velocities through the solid buffer and the 
prism by rearranging the components of Buiochi et al.’s measurement cell, as illustrated by 
Figure 11.  By placing the solid buffer between the prism and fluid under test, the benefits were 
twofold.  Firstly, the prism was no longer in contact with the fluid, so knowledge of the wave 
velocity through it was no longer necessary.  Secondly, the shear wave velocity through the solid 
buffer of known-thickness was directly determined by measuring the time delay between the two 
reflections on either side of the buffer, thus eliminating the need for an independent test.  
Therefore, this method was capable of determining fluid viscosity with prior knowledge of only 
the materials’ densities [42]. 
 
Figure 11: Measurement cell used to subject the fluid of interest to pure shear waves without the requirement of independent 
velocity tests (adapted from [42]) 
 
 
  
Transmitter/receiver  
 
Prism 
 
Fluid of interest 
 
Solid buffer 
 
Shear waves 
 
Longitudinal wave 
 
Water buffer 
 
Fluid In 
 
Fluid out 
 
29 
 
3.2 GUIDED WAVES 
 
In addition to bulk waves being used to interrogate the viscosity of fluids, guided 
ultrasonic waves have also proved useful for this purpose.  When ultrasonic waves are excited in 
waveguides, the attenuation is much less severe compared to the bulk wave techniques 
previously discussed because the energy primarily stays contained within the waveguide.  
Therefore, the ultrasonic energy is able to travel further into the material of interest.    
Waveguides come in a variety of geometries, the most common of which are described in the 
following. 
 
PLATES & BLADES AS WAVEGUIDES 
 
In a study by Sawaguchi and Toda, the response of a thin, piezoelectric plate used to 
generate surface shear waves was used to determine the viscosity of adjacent fluids by measuring 
the complex reflection coefficient resulting at the plate’s surface.  The plate was constructed 
such that mode conversion was prohibited and only shear waves were generated and allowed to 
propagate.  Prior to testing, the plate was submerged and tested in water which is nonviscous and 
therefore does not support shear waves; thus, all losses observed were characteristic of the plate.  
When the plate was submerged in the fluid of interest, the losses and change in wave velocity 
that were observed were due to both the plate and the fluid.  Sawaguchi and Toda used these 
measured quantities to separate the plate response from that of the combined fluid-plate 
response, thus determining the change in velocity and the attenuation due only to presence of the 
viscous fluid.  Sawaguchi and Toda mathematically showed that these quantities were related to 
the fluid viscosity, which they then verified experimentally [43].    
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In addition to plates, small blades have also been used to transmit ultrasonic energy to 
materials and interrogate their shear properties.  One such implementation capable of 
characterizing viscoelastic materials was a device proposed by Roth and Rich, deemed the 
“UltraViscoson.”  This device consisted of a flat, rectangular probe which was submerged in the 
material of interest and subjected to shear stress.    The resultant strains were measured and then 
decomposed into components in-phase with the imposed stress and those out-of-phase; the parts 
in-phase with the stress were a result of the elastic material response while the out-of-phase parts 
represented the viscous response.  The frequency of the device was varied to obtain frequency-
dependent responses for non-Newtonian materials.   If the device was calibrated prior to use, it 
output the frequency dependent viscosity-density product.  Therefore, if the density of the 
material under test were known, its viscosity could be determined [44]. 
 
WIRES & FIBERS AS WAVEGUIDES 
 
Just as with plates, wire-like waveguides can also be used to interrogate the properties of 
an adjacent material.  In an early investigation, Lynnworth used wire-like waveguides with 
noncircular cross sections to transmit shear waves to inviscid fluids.  In doing so, he was able to 
correlate the guided wave velocity to the density of the adjacent fluid [45].  Bau confirmed this 
result and was able to extend it such that fluid density was able to be determined directly by 
measuring the guided wave’s velocity [46].   
To determine the viscosity of an adjacent material specifically, the material must be 
sheared as a result of the displacements of the waveguide.  Due to the boundary conditions 
associated with cylindrical geometries, the shearing motion generated by surface shear waves in 
plates and blades is most effectively reproduced by the generation of torsion waves.  However, 
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Vogt, Lowe and Cawley reported changes in the velocity of torsional waves as well as in the 
velocity of low-frequency longitudinal waves when cylindrical waveguides were passed through 
viscous fluids as shown in Figure 12a.  This observation was a result of the waveguide 
displacements associated with these two particular modes.  Therefore, both torsion waves and 
low-frequency longitudinal waves can be used to interrogate an adjacent material’s shear 
properties [47]. 
Practically speaking, access to both sides of a sample is not always possible.  When the 
sample is a fluid, this becomes particularly inconvenient because the fluid must be contained, 
meaning the waveguide must pass through the walls of the container.  Therefore, the use of 
partially embedded waveguides is much more desirable than those that pass entirely through the 
sample of interest; this is illustrated in Figure 12b.  Some initially expressed concern about 
energy loss through the waveguide’s embedded end face [48, 49]; however, for the case of wire-
like waveguides, the surface area of the end face is very small in comparison to the remainder of 
the waveguide in contact with the fluid of interest and was responsible for minimal energy loss, 
which could safely be neglected [50]. 
 
 
 
 
 
 
Figure 12: a) Waveguide passing entirely through the material of interest and b) waveguide partially embedded in the 
material of interest 
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Papadakis qualitatively investigated the use of both fundamental longitudinal waves and 
fundamental torsional waves in partially embedded, wire-like waveguides to monitor resin 
curing.  The attenuation and the velocity of waves over the embedded portion of the waveguide 
were measured.  Additionally, the reflection resulting from the change in impedance at the air-
epoxy interface was also measured.  The magnitude of the reflection, the velocity and the 
attenuation were all found to change with the shear properties of the epoxy as it cured [13].   
In an effort to provide a mathematical basis for the qualitative results reported by 
Papadakis, Vogt, et al. further investigated the surface reflection that occurred when partially 
embedded waveguides were subject to fundamental longitudinal waves.  More specifically, a 
scattering formula was obtained by matching the acoustic fields in the free and embedded 
portions of the waveguide at the interface, a method previously described by Auld [51]. The 
magnitude of the entry reflection was found to be dependent on the waveguide’s frequency-
radius product and was strongly related to the shear velocity and thus the viscosity of the 
adjacent material [52]. 
In a subsequent investigation, Vogt et al. again subjected partially embedded waveguides 
to fundamental longitudinal waves.  In addition to measuring the reflection at the solid-fluid 
interface, they also measured the attenuation along the embedded portion of the waveguide as 
epoxy cured.    Both of these quantities were assumed to be frequency dependent, which is 
characteristic of non-Newtonian materials.  Throughout the cure, the density of the epoxy was 
assumed constant and the shear velocity and the density of the waveguide were determined from 
independent tests. 
As the resin solidified, the shear velocity and the acoustic impedance increased, the latter 
of which caused an increase in the magnitude of the surface reflection.  Because this reflection 
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was not representative of bulk material properties, the attenuation was additionally measured 
through the embedded length of the waveguide.  Additionally, the surface reflection was large at 
low frequencies, meaning minimal energy transgressed the surface of the resin and continued to 
propagate through the rest of the waveguide.  As frequency increased, the waveguide 
displacements became increasingly radial, meaning their propagation was no longer influenced 
by the resin’s shear impedance, thus causing the surface reflection to shrink.  As a result of this 
observed frequency dependence, the surface reflection method and the attenuation method were 
used in tandem to monitor epoxy while it cured.  The surface reflection was monitored at low 
frequency-radius products when it was large while the attenuation method was used at higher 
products when the surface reflection was minimal and energy was attenuated through the 
embedded length of the waveguide [48].   
Vogt et al. also compared the viscosity values obtained by measuring the attenuation of 
the fundamental torsional mode to the values obtained by measuring the attenuation of the 
fundamental longitudinal mode at low frequencies.  The measured attenuation for both modes 
was mapped onto theoretical, computer generated viscosity-attenuation curves to determine 
viscosity.  Torsion waves reported accurate viscosity values over a range of viscosities and 
frequencies.  Longitudinal waves were not as accurate; however, they were shown to be more 
sensitive than torsion waves when testing high viscosity fluids at low frequencies [49]. 
In a similar study, fundamental longitudinal waves were used to investigate the viscosity 
of the matrix in multilayered, coaxial fiber composites.  Initially, Nagy had studied the 
attenuation of longitudinal waves in coaxial fibers embedded in nonviscous matrices [53].  The 
theory was then broadened to include the effects of a viscous matrix’s presence on the 
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attenuation observed in these fibers; the matrix was considered to behave as a Newtonian 
material [54].   
 Attenuation of the fundamental longitudinal mode was measured and decomposed into 
normal components, which were a result of energy leakage into the surrounding material, and 
tangential components, which were the result of viscous dissipation.  Due to the nature of the 
waveguide displacements, low frequency attenuation was the result of viscous losses, while at 
higher frequencies, attenuation was due to both viscous losses and energy leakage.  These 
contributions to attenuation were unable to be separated by the developed model, though a 
viscosity-independent attenuation minimum was predicted.  Nagy and Nayfeh theorized that the 
frequency associated with this minimum was the frequency at which the longitudinal 
displacements transitioned from axial to radial, meaning attenuation at this frequency was purely 
the result of the leaky loss associated with the matrix’s compressibility.  Therefore, by first 
measuring attenuation at this particular frequency, the leakage due to the matrix’s 
compressibility could be quantified.  Then, by measuring attenuation at another, lower 
frequency, the known, leaky contribution to the attenuation was separated from the combined 
leaky-viscous losses to determine the viscosity of the matrix [54]. 
 Kim and Chun investigated the effects of viscous fluids on the mechanical impedance of 
partially embedded, circular waveguides subjected to torsion waves.  The mechanical impedance, 
defined as the ratio of stress to particle velocity, was shown to be proportional to the square root 
of the viscosity-density product.  To effectively measure the mechanical impedance, Kim and 
Chun considered a standing wave within the waveguide opposed to a propagating one.  However, 
when using this approach, the exact solution yielded displacements, which do not explicitly lead 
to the determination of viscosity as desired; therefore, an asymptotic solution was developed to 
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extract viscosity, though it was only valid for low viscosity fluids.  When this approximation was 
further limited to high frequencies, the mechanical impedance was shown to be proportional to 
the square root of the density-viscosity product.  Experimentally, the mechanical impedance of 
the system was first measured when the waveguide was submerged in air over a range of 
frequencies in order to determine the resonant frequencies.  The waveguide was then submerged 
in a viscous fluid and tested at the resonant frequencies; it was confirmed that the mechanical 
impedance was linearly proportional to the square root of the density-viscosity product.  Thus, if 
the density was determined from an independent test, the viscosity could be successfully 
determined [50]. 
 Kim, Wang and Bau investigated the potential of torsion waves in partially embedded, 
cylindrical waveguides for the viscosity determination of Newtonian fluids.  When waveguides 
are subjected to torsion waves, the waveguide’s displacements are parallel to the fluid.  Thus, for 
waves to continue propagating in the waveguide, the waveguide deformation must overcome the 
viscous inertia imposed on it by the presence of the fluid, which causes changes in the wave’s 
velocity and its amplitude proportional to the viscosity-density product of the fluid.  Kim et al. 
measured these changes and with prior knowledge of the fluid’s density, determined the fluid’s 
viscosity. 
 In this study, the use of both solid and hollow waveguides was investigated; the most 
accurate results when testing with viscosity-standard liquids were obtained using solid 
waveguides to test low viscosity fluids.  Furthermore, Kim et al. found that viscosity values 
determined from attenuation measurements were more accurate than those obtained from 
velocity measurements.  Measured velocities were much slower than predicted, suggesting the 
presence of another type of inertia not considered.  It was suggested that by increasing the 
36 
 
waveguide’s surface area in contact with the fluid, for example by using a threaded waveguide, 
that measurement sensitivity and accuracy could be increased [55]. 
 In another study, Kim and Bau investigated using partially embedded waveguides with 
different cross sectional geometries in an effort to determine fluid density and viscosity from a 
single measurement.  As previously discussed, circular waveguides subjected to torsion waves 
exhibit displacements parallel to the fluid and thus must overcome viscous inertia to permit wave 
propagation.  When waveguides with non-circular cross sections are subjected to torsion waves, 
waveguide deformations are both parallel and normal to the fluid.  Just as with circular 
waveguides, the parallel displacements must overcome the fluid’s viscous inertia; changes in the 
wave’s velocity and amplitude resultant from the presence of this inertia were found to be 
proportional to the viscosity-density product of the fluid.  Additionally, the normal displacements 
must overcome the fluid’s inviscid inertia, which is present even in nonviscous fluids.  Kim and 
Bau showed mathematically that the changes in wave propagation due to this type of inertia were 
dependent on the fluid’s density and on its viscosity-density product. 
 To test the proposed method, Kim and Bau constructed a segmented waveguide 
consisting of a non-circular waveguide followed by a hollow, circular one.  The velocity 
measured through the circular portion was used to determine the viscosity-density product of the 
adjacent fluid.  The velocity measured through the non-circular portion, along with the 
previously determined viscosity-density product, was then used to determine the density from the 
viscosity independently.  This, in turn, was used to isolate the viscosity from the viscosity-
density product.  Kim and Bau chose to measure the wave velocity because practically, it could 
be done with a higher degree of accuracy than attenuation; the additional consideration of the 
37 
 
inviscid inertia on the waveguide compensated for the previously encountered errors in velocity 
measurements. 
 This method proved to be very accurate; the experimental values were within 0.5% and 
1% of the accepted values for the density and the viscosity values respectively.  It was suggested 
that the sensitivity of the system could be further improved by using lower density waveguides 
or by considering the change in the resonant frequency of the system under fluid loading [56]. 
 
TUBES AS WAVEGUIDES 
 
In the past, guided ultrasonic waves have been used to detect flaws in piping and tubing 
[14].  However, in many applications, pipes and tubes are covered in resin or in bituminous 
materials in an effort to prevent corrosion.  The presence of this coating severely attenuates the 
ultrasonic energy, thus limiting the length of pipe that can be inspected at a given time [14, 15].   
Conversely, if the properties of the pipe are known, the loss of energy can be used to determine 
properties of the coating.  Observations such as this led to the use of wire-like waveguides for the 
determination of the shear properties of the adjacent material. 
In a study by Simonetti and Cawley, hollow tube waveguides were partially filled with 
bitumen.  The shear velocity and the attenuation of the material were determined by studying 
how its presence affected the dispersion characteristics of the waveguide.  This method was 
shown able to accurately determine the shear properties of viscoelastic materials while assuming 
nothing other than linear viscoelasticity, meaning no further assumptions about the material’s 
frequency dependence were made.  Knowledge of the core’s density and the density and velocity 
of the waveguide were also necessary and were determined from independent tests. 
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This method relied on the generation of several different sets of dispersion curves.  First, 
two sets of dispersion-contour plots were generated: one showing the dispersion of the guided 
wave shear velocity and the other illustrating the dispersion of the guided wave attenuation.  
Both of these sets of plots illustrate the dispersion of the waveguide when filled with binder and 
are functions of the binder’s bulk shear velocity and bulk attenuation.  In other words, the 
waveguide-binder system properties were plotted as functions of the binder’s properties alone.  
Both of these plots were generated for each of the frequencies of interest.  Examples of the shear 
velocity and attenuation plots are illustrated in Figures 13.     
Figure 13: a) Guided wave velocity and b) guided wave attenuation dispersion curves (adapted from [57]) 
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Once the dispersion curves were generated, the guided wave shear velocity and the 
guided wave attenuation, which are properties of the waveguide-binder pair, were measured over 
a range of frequencies.  These properties were determined by measuring waveguide 
displacements at varying distances away from the air-binder interface inside the waveguide, 
which was accomplished with the use of a laser interferometer.  The two contour plots previously 
generated for the system at a given frequency were superimposed; the intersection of the 
measured waveguide-binder shear velocity and the measured waveguide-binder attenuation was 
located.  This intersection described the values of the binder’s shear velocity and attenuation that 
satisfied the measured dispersion relationship of the waveguide-binder pair; this is illustrated in 
Figure 14.  It was noted that the curves intersected each other at nearly right angles, meaning 
there was little room for error in reading off binder properties, suggesting that the method was 
numerically robust.  In this way, the shear velocity and the attenuation of the binder were 
determined at several frequencies, thus characterizing the behavior of the core material over a 
wide frequency range.  The bulk shear velocity and the bulk attenuation agreed well with 
accepted values for the materials tested, particularly at lower frequencies [57]. 
 
Figure 14: Superimposed dispersion curves (adapted from [57]) 
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3.3 CONCLUSIONS 
 Several bulk wave and guided wave ultrasonic techniques for the determination of 
viscosity were presented.  Shear, torsional, and low frequency longitudinal waves were 
employed to interrogate the shear properties of the materials under test.  In addition to providing 
high measurement accuracy, these methods were successfully used to characterize Newtonian, 
non-Newtonian and viscoelastic behavior.  The methods presented are all also capable of 
measuring viscosity regardless of the physical state of the tested material as they can be applied 
to both liquids and solids.  Additionally, several of the presented methods were able to provide 
real-time viscosity measurements over a wide range of material properties, even in harsh 
environments such as inside ovens during resin curing.   
All of these qualities make the use of an ultrasonic device to determine the viscosity of 
asphalt binder very attractive.  Binder behavior and its physical state change dramatically over 
the range of temperatures encountered in service and during construction.  Knowledge of a 
particular binder’s viscosity at these temperatures is necessary to ensure pavement performance.  
However, multiple traditional viscometers are necessary to determine viscosities over a wide 
temperature range, especially in the case of modified or aged binders.  Based on the research 
presented, the use of an ultrasonic device has the potential to be used universally across all 
binder samples, making it particularly attractive for use in the pavement industry. 
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CHAPTER 4: 
GUIDED WAVES 
 
 
 From the literature, it has been shown that guided acoustic waves have been successfully 
used to determine the viscosity of an adjacent fluid.  Such a method may potentially be extended 
to determine the viscosity of asphalt binder as well.  However, in order to assess the applicability 
of such a method to the asphalt industry, the principles that govern guided waves must be 
understood.  The following provides a brief description of guided wave and the factors that 
influence their propagation. 
 
4.1 GUIDED WAVE PRINCIPLES 
If an acoustic wave’s wavelength is much greater than the distance between two parallel 
impedance boundaries, acoustic energy will reverberate between the boundaries and guided 
waves will be established [34].  Thus, if the frequency of excitation is sufficiently high, guided 
waves will propagate in slender bodies such as tubes and rods.  Without the presence of another 
medium, guided waves are confined to the waveguides in which they propagate.   
In addition to directing the acoustic energy, waveguide geometry also restricts the types 
of waves that are able to propagate.  More specifically, cylindrical rods can support longitudinal, 
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torsional and flexural waves.  Longitudinal waves are axially symmetric and are characterized by 
axial and radial displacements; the former tend to dominate at lower frequencies while the latter 
are the result of Poisson effects [58].  Overall, longitudinal waves may be thought of as pulsing 
from the waveguide’s end face.    Similarly, torsion waves are also axis symmetric though they 
are characterized by circumferential displacements; they are effectively rotation of cross sections 
about their centers.  Finally, flexural waves are axially asymmetric with radial, axial and 
circumferential displacements and may be thought of as bending of the waveguide [59].  The 
various displacements associated with each of these wave types are illustrated in Figure 15. 
 
 
Figure 15: a) Longitudinal, b) torsional and c) flexural waves in cylindrical waveguides (extracted from [60]) 
 
Viscosity is a shear property and is therefore interrogated by either axial or 
circumferential displacements, which induce motion parallel to the waveguide’s surface.  
Longitudinal, torsional and flexural waves are all characterized by these displacements.  
However, longitudinal and flexural waves are also characterized by displacements normal to the 
waveguide’s surface, thus rendering them susceptible to both the viscosity and the 
compressibility of the adjacent material.  Since viscosity is solely of interest, the influence of 
compressibility is undesirable.  Thus, torsion waves, or possibly low frequency longitudinal 
waves, are better suited for the interrogation of viscosity.   There is evidence in the literature of 
the success of both of these wave types to determine viscosity [45-57]; however, low frequency 
longitudinal waves do not incite pure shearing motion, so the use of torsion waves is preferred. 
a) b) c) 
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 In addition to choosing a wave type, a wave mode must also be selected.  For a given 
geometry, there are an infinite number of modes possible [15, 59].  The choice of one mode over 
another is based on analysis of the dispersion relation of a particular waveguide. 
 
DISPERSION 
In general, waves are comprised of components with different frequencies.  Most guided 
waves are dispersive, meaning higher frequency components travel faster than lower frequency 
components [61].  This is caused by either variation in the waveguide’s cross sectional geometry 
or due to the effects of lateral inertia [58, 59].  As a result of dispersion, wave packets deform 
and separate as they travel.  It is therefore useful to define two different velocities for guided 
wave systems.  Phase velocity is the velocity at which the energy ricochets between the edges of 
the waveguide and group velocity is the velocity at which the wave energy propagates down the 
waveguide.  These concepts are illustrated in Figure 16.  In the case of non-dispersive waves, 
such as the fundamental torsion wave in cylindrical waveguides, phase and group velocities are 
equivalent [58, 59]. 
 
Figure 16: Group and phase velocities for guided waves 
 
Mathematically, dispersion is captured by the dispersion relation, which relates 
wavenumber to frequency [62].   Dispersion can also be illustrated graphically in a dispersion 
cp 
cg 
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curve, which plots phase velocity or attenuation for a given geometry as a function of frequency 
for possible wave modes.    Figure 17 is an example of a dispersion curve for a 2 mm-diameter, 
cylindrical steel waveguide generated by DISPERSE
TM
, a dispersion curve mapping software. In 
the figure, curves are labeled A(n,m).  Following the convention presented by Silk and Bainton 
[15], A denotes the type of wave: L for longitudinal, T for torsional and F for flexural; m and n 
are both positive integers that further describe the wave.  More specifically, m is the number of 
modes of vibration contained within the walls of the waveguide while n is the number of modes 
flexing along its length [15].  Since longitudinal and torsional waves are both axis symmetric, n 
always equals zero for these modes while m acts as a counter for higher order wave modes [15, 
64].  Conversely, axially asymmetric waves are denoted by a nonzero n value, which is therefore 
the case for all flexural waves [15].  
Figure 17: Dispersion curves for a 2.0 mm-diameter cylindrical, steel waveguide in a vacuum (generated using DISPERSETM) 
 
 
 
 Dispersion curves are especially useful because they illustrate the complexity of 
dispersion relations.  In addition to plotting possible wave modes for a given waveguide, they 
also illustrate the occurrence of cutoff frequencies.  Cutoff frequencies are lower frequency limits 
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for dispersive modes, represented graphically by vertical asymptotes.  Mathematically, cutoffs 
occur when the wave number vector k, defined in Equation 1, becomes purely imaginary [59, 
62]. 
 
  (
 
  
   )   ̂ (1) 
In the above equation, ω is the frequency of oscillation, cp is the phase velocity, α is the 
attenuation coefficient and  ̂ denotes the direction of propagation.  Physically, cutoff frequencies 
occur when the wave energy propagates primarily across the waveguide instead of down it [64].  
The little energy that does propagate down the waveguide decays exponentially and therefore is 
not of any significance far away from the source of excitation [61].  Excitations lower than the 
cutoff frequency for a given mode produce evanescent or non-propagating waves and are 
characterized by total vibration of the entire waveguide [58, 59]. 
 Wave modes are also characterized by high frequency limits in addition to the low 
frequency cutoffs.  As frequency increases, the phase velocity approaches the group velocity.  At 
the same time, the wavenumber vector k becomes increasingly aligned with the axis of the 
waveguide, thus causing the acoustic energy to rebound less and less off the waveguide’s edges.  
Once the frequency is sufficiently high such that the wavelength is smaller than the diameter of 
the waveguide, guided waves are no longer established and the waves propagate non-
dispersively at the velocity characteristic of the waveguide material [58, 59].  For the case of 
cylindrical waveguides, the velocity of the non-dispersive, fundamental torsional mode is 
dictated by the material properties of the waveguide as defined in Equation 2:  
 
   √
 
 
 (2) 
where G is the shear modulus and ρ is the density of the waveguide.   
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IMPEDANCE 
 As acoustic waves propagate through a particular medium, their propagation is restricted 
by the medium’s mechanical properties; this resistance is quantified by the material’s acoustic 
impedance, defined as the product of the wave’s phase velocity and the material’s density [61].   
Since the phase velocity of different wave types are functions of different material constants, 
their propagation is affected by different material properties.  For example, longitudinal phase 
velocity is a function of Young’s modulus so longitudinal waves are influenced by a material’s 
compressibility.  Similarly, shear wave velocity is a function of shear modulus and shear wave 
propagation is therefore affected by viscosity.  For this reason, purely nonviscous fluids, which 
do not have shear moduli, cannot support the propagation of shear waves [61, 62].  More 
specifically, impedance variations cause changes in velocity and attenuation; abrupt impedance 
changes additionally cause reflections. 
 
REFLECTION AND TRANSMISSION  
As previously stated, acoustic waves are mechanical in nature and their propagation is 
therefore influenced by the mechanical properties of the media through which they propagate.  If 
an abrupt impedance change, such as a material discontinuity, disrupts the path of a traveling 
wave, some of the acoustic energy will be reflected from the interface and the rest will be 
transmitted to the adjacent medium.  Acoustic reflection and transmission are defined in terms of 
impedance as follows [59]: 
 
  
     
     
 (3) 
47 
 
 
      
   
     
 (4) 
where Z1 is the impedance of the medium through which the wave is propagating and Z2 is the 
impedance of the adjacent material.  From these equations, it is apparent that the reflection is 
dictated by the relative impedance of the two media, not the absolute impedance of either 
material individually.  More specifically, if the impedances of two adjacent media are relatively 
similar, the amount of acoustic energy reflected will be small.  Conversely, if the change in 
impedance is large, the reflection will be large.   
 
ATTENUATION 
 If a material has complex impedance, waves will attenuate as they travel.  More 
specifically, the acoustic energy is converted to thermal energy, though this may occur due to 
any of the following loss mechanisms: heat conduction, viscous losses, elastic hysteresis or 
scattering [61, 65].  The first three of these mechanisms are intrinsic to the medium through 
which the waves propagate while the last is a consequence of the propagating wave encountering 
impedance mismatches which typically arise as a result of material boundaries [61].  The rate at 
which energy is converted is proportional to the square of the wave’s frequency [66].  Thus, a 
wave’s frequency dictates its susceptibility to each of the listed phenomena and therefore 
controls the resultant level of attenuation.    
 In the case of partially embedded steel waveguides, attenuation is primarily the due to 
leakage into the adjacent material; this is due to the fact that steel is not a very lossy material.   
Energy leakage is the result of an impedance mismatch between the waveguide and the 
surrounding medium.  If the acoustic impedances of the waveguide and the adjacent medium are 
dissimilar, waves will be reflected at the waveguide boundaries and will stay contained within 
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the waveguide.  Conversely, if the acoustic impedances are similar, some of the acoustic energy 
will leak into the adjacent material at an angle governed by Snell’s Law [63], thus attenuating the 
energy remaining within the waveguide.  By monitoring the amount of energy lost, the material 
properties of the adjacent material can be determined. 
 
4.2 CONCLUSIONS 
Cylindrical waveguides are able to support the propagation of longitudinal, torsional and 
flexural waves.  When partially embedded in a material of interest, the impedance mismatch at 
the material-waveguide interface causes variations in the propagation of these waves.   More 
specifically, changes in the velocity and amplitude of both low frequency longitudinal waves and 
torsional waves are induced as a result of the adjacent material’s viscosity.  However, low 
frequency longitudinal waves do not induce pure shearing motion of the adjacent material and 
are therefore additionally influenced by the material’s compressibility.  Conversely, torsion 
waves are characterized solely by circumferential displacements and are thus immune to the 
effects of compressibility; furthermore, the fundamental torsion mode is non-dispersive.  For 
these reasons, it is believed that fundamental torsion waves excited in partially embedded 
cylindrical waveguides have potential for characterizing asphalt binder viscosity. 
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CHAPTER 5: 
EXPERIMENTAL PROCEDURE 
 
 
From the literature, it has been shown that guided wave ultrasonic techniques have been 
successfully used to determine the properties of various materials. These techniques are capable 
of measuring a wide range of material properties, often in real time, and are fairly robust.  From 
an overview of the principles that govern guided wave propagation, it has been shown that 
torsional waves in partially embedded, cylindrical waveguides may be used to interrogate the 
viscosity of an adjacent material; such a method could potentially be extended to measure the 
viscosity of asphalt binder.  To determine the feasibility of this proposed method in this 
particular application, several experiments were conducted.  After the optimal test setup 
parameters were established as described in Appendix A, tests were conducted to determine the 
proposed method’s sensitivity to the properties of different binder grades and to those of samples 
that have been aged.  If the waveguide system was sensitive to these different properties, it 
would be suitable for use in the asphalt industry. 
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5.1 MATERIALS 
 Asphalt binders are graded to ensure performance in specific environments, or more 
specifically, to characterize their behavior and temperature susceptibility despite their widely 
diverse chemical compositions [67].  Therefore, different grades of binder exhibit different 
material properties.  Three binders commonly used in Illinois are PG 64-22, PG 70-22 and PG 
58-28, the first of which is the most common [68].  For an uncharacterized material to be graded 
as such, in addition to the other requirements the Superpave system, its viscosity must be 
measured by a rotational viscometer according to the procedure outlined in ASTM D4402.  More 
specifically, a material’s viscosity, when tested at 135 °C, must be less than 3 Pa∙s or 3000 cP 
[69]; this ensures workability during mixing and construction.  Additionally, according to 
Superpave, a binder’s viscosity dictates the temperatures at which mixing and compacting are to 
occur [5, 8]; these processes are to take place when the binder’s viscosity is 0.17 ± 0.02 Pa∙s and 
0.28 ± 0.03 Pa∙s respectively [8]. 
In addition to the different grades, binders are often aged to simulate their long-term 
properties.  Because binder is an organic compound, its chemical composition changes with 
exposure to oxygen [5].  Specifically, binder subjected to a rolling thin film oven test (RTFO-
aged) is meant to simulate the hardening that occurs during mixing, transport and placement.  
Binder aged in a pressure aged vessel (PAV-aged) simulates the properties of long-term, in-
service binder [67].  Testing of both RTFO- and PAV-aged binders are required by ASTM 6373-
13, the current standard for determining the performance grade of asphalt binders.  If the 
proposed device was capable of detecting variations in viscosity between different performance 
grades and if it was sensitive to the effects of aging, it could successfully be implemented in the 
asphalt industry.  To determine if such performance were attainable and to test the full range of 
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capabilities of the proposed device, the following binders were tested: PG 64-22, PG 70-22, PG 
58-28, PG 64-22 RTFO and PG 64-22 PAV.  
 The viscosities of all five samples were measured by a rotational viscometer in 
accordance with ASTM D4402 to provide a benchmark for the ultrasonic results [26]. 
 
5.2 SIGNAL PARAMETERS 
 Prior to testing, the characteristics of the signal that will be used to interrogate the 
viscosity of the adjacent fluid must be determined.  The attenuation of guided torsion waves in 
partially embedded waveguides is sensitive to the viscosity of an adjacent fluid.  Thus, binder 
samples were to be subjected to sinusoidal torsion waves generated by means of oppositely 
polarized shear transducers.  However, the parameters of the sent signal needed to be chosen 
such that accidental mode generation and excessive pulse durations were avoided.  More 
specifically, the frequency, amplitude and number of bursts needed to be determined.   
The choice of test frequency was dependent on the geometry of the waveguide. From the 
previous discussion on guided waves (refer to Chapter 4), it was determined that a slender, 
cylindrical waveguide was ideal for interrogating the shear properties of fluids.  After a review of 
the literature (refer to Chapter 3), it was expected that waveguides with diameters on the order of 
2 mm would perform well.  While the precise waveguide diameter used in testing the various 
binders was determined according to the results of the tests detailed in Appendix A, dispersion 
curves were generated for steel waveguides with the following diameters: 1.6 mm, 2.0 mm and 
2.4 mm.  These curves were generated better understand how geometry influenced wave 
propagation in waveguides of this size.  
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 Dispersion curves for steel waveguides with the considered diameters were generated 
using DISPERSE
TM
, a dispersion curve mapping software; these curves are reproduced in Figure 
18.  In each of these curves, there are only three modes present below 1000 kHz.  Therefore, at 
frequencies below 1000 kHz, only three modes would be able to propagate, thus minimizing the 
potential for accidentally generated, unwanted modes.  Furthermore, the modes that are able to 
propagate at lower frequencies all have significantly different velocities, which is also 
advantageous.  Modes traveling at similar velocities are indiscernible, thus complicating the 
interpretation of the collected signals.  As seen from the dispersion curves, as frequency 
decreases below 1000 kHz, the velocity of the F(1,1) mode decreases rapidly while the velocity 
of the L(0,1) mode levels off.  For these reasons, it is beneficial to select a frequency lower than 
1000 kHz for testing.  In similar tests performed, 250 kHz signals were used to successfully 
evaluate the shear properties of various cement concrete mixtures [60].  Therefore, a 250 kHz 
signal was chosen for this investigation as well.  The circles in Figure 18 denotes the velocity of 
the fundamental torsion wave at 250 kHz.  
In addition to the signal’s frequency, the amplitude and number of bursts also needed to 
be determined.  A larger amplitude signal provides greater resolution when quantifying loss-of-
signal than a smaller one.  Therefore, a 400 Volt, peak-to-peak amplitude signal was chosen 
because it was the maximum permissible voltage that could be applied to the shear transducers 
without damaging the piezoelectric crystals inside.  Additionally, the number of bursts was 
minimized to keep pulse durations short while providing enough energy to the waveguide such 
that the binder properties could be successfully interrogated.  After initial testing, it was 
determined that one-burst signals were sufficient.  One-burst, sinusoidal signals with a frequency 
of 250 kHz and a peak-to-peak amplitude of 400 Volts were used in all subsequent testing. 
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Figure 18: Dispersion curves for a) 1.6 mm-, b) 2.0 mm- and c) 2.4 mm-diameter steel waveguides in a vacuum (generated 
using DISPERSETM) 
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 The proposed method required a pulse-echo transducer configuration, meaning the 
meaning that the transducers used to generate torsion waves in the waveguide also need to be 
capable of receiving the reflected signals.  Two-way travel through the transducers was permitted 
by the use of a diplexer.  The particular diplexer used came equipped with several features to 
help improve the less-than-perfect process of diplexing [70].  The settings were chosen on a trial 
and error basis were held constant through all testing.  Additionally, to increase the signal-to-
noise ratio, the received signal was fed through a bandpass filter and averaged 16 times before 
being collected by the analog-to-digital converter.  The filter left the received signal with only 
the frequency components between 240 and 260 kHz, thus minimizing unwanted noise. 
 All of these parameters were held constant throughout all subsequent testing such that the 
collected waveforms were commensurate. 
 
5.3 EQUIPMENT CONFIGURATION 
 Figure 19 illustrates the schematic for setup utilized throughout testing.  A Ritec® RAM 
10000 was used as a signal generator and a Ritec® RDX-6 diplexer was implemented to allow 
the transducers to both send and receive signals. A Krohn-Hite Model 3988 butterworth high 
pass/ low pass filter and an analog-to-digital converter were also used in combination with in-
house developed software, WaveMAP, to collect waveforms.  Binder samples were contained in 
cups and housed inside a Brookfield Thermosel® such that the temperature of the sample was 
able to be maintained throughout testing.   
In order to support the transducers above the binder sample and to center the waveguide 
in the Thermosel® cup, a test stand was fabricated.  The stand was constructed of several 3D-
printed parts: a base ring which was positioned around the bottom of the Thermosel®, two 
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support rings which prevented the stand from twisting, and a cap which held the transducer 
subassembly at the desired height above the binder sample.  These plastic parts were held in 
place by aluminum bars, approximately ½” x 1 ½” x 20,” which were fixed in each of the three 
rectangular slots in the base ring and passed through both support rings and the cap.  The cap’s 
position was adjustable to compensate for different waveguide lengths and to embed the 
waveguide the desired depth.   The assembled stand is pictured in Figure 20.  The base ring, 
support rings and the cap are illustrated in Appendix B. 
The transducer subassembly consisted of two shear transducers, a waveguide, and a 
transducer holder, which is depicted in Figure 21.  The transducer faces were coated with 
vacuum grease to help transmit the acoustic energy generated by the transducers to the 
waveguide.  To successfully generate a torsion wave, the two shear transducers must be 
oppositely polarized and positioned on either side of the waveguide, as shown in Figure 22.   
Furthermore, to ensure that all of the energy produced by the transducers was successfully 
 
Figure 19: Schematic of testing set up 
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transferred to the waveguide, the end of the waveguide was positioned in the center of the 
transducer face.  If the waveguide was positioned above center, energy would radiate from the 
center of the transducer faces, both up and down the waveguide simultaneously.  This would 
cause reflections from both ends of the waveguide, which would complicate the collected 
waveforms unnecessarily.  If positioned short of center, inadequate energy would be transferred 
to the waveguide.  These scenarios are illustrated in Figure 23.   
Figure 21: Transducer holder  
 
 
Figure 20: Assembled test stand 
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In addition to the waveguide being positioned at the center of the transducer faces, it was 
essential that the waveguide only come in contact with the transducers at one end and the binder 
at the other; this ensured that none of the energy produced by the transducers was transferred 
anywhere other than the waveguide.  If energy were transferred elsewhere, say to the transducer 
holder or the cap, the loss-of-signal would be falsely attributed to the binder’s properties, thus 
leading to specious results.  This potential issue was alleviated by the design of the transducer 
holder.  As illustrated by Figure 24, the transducer holder featured a rib that separated the two 
transducer faces.  The rib, which stopped 3mm short of center, left a small gap between the end 
of the waveguide and the transducer holder, which prevented the transfer of unwanted energy.   
 
Figure 22: Cylindrical waveguide positioned between two, oppositely polarized shear transducers 
 
 
 
Figure 23: A cylindrical waveguide positioned a) correctly, b) above the center and c) below the center of the transducer face 
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Figure 24: Section view of transducer holder illustrating 3 mm gap between the end of the correctly positioned waveguide and 
the rib. 
 
The transducer subassembly, seated in the cap, is pictured in Figure 25. In addition to the 
test stand, the waveguide parameters needed to be established such that the collected waveforms 
varied over the temperature range of interest for each binder and yielded consistent results across 
replicates performed on the same binder.  Independent tests were therefore conducted to 
determine the optimal length, diameter and the embedded depth of the waveguide.  The 
descriptions of these tests and their results are provided in Appendix A.  From these waveguide 
tests, it was determined that a 350 mm-long, 1.6 mm-diameter waveguide embedded 60 mm in 
binder yielded the most consistent results and was therefore used in all subsequent testing. 
 
 
Figure 25: Transducer subassembly  
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5.4 TESTS PERFORMED 
Several different tests were performed in order to determine if the proposed method could 
be successfully implemented in the asphalt industry.  First, five different binders were tested 
using the ultrasonic device, the results of which were correlated to the binders’ viscosities as 
determined by a rotational viscometer.  Additionally, binder aged in situ and oven-aged binder 
samples were tested to further investigate the device’s sensitivity to aging.  Each of these tests is 
detailed in the following. 
 
BINDER COMPARISON 
The purpose of this investigation was to determine whether the use of ultrasonic guided 
waves was suitable to determine the viscosity of asphalt binder.  Therefore, five different binders 
were tested: PG 64-22, PG 70-22, PG 58-28, PG 64-22 RTFO and PG 64-22 PAV.  RTFO- and 
PAV- aged binders were prepared according to ASTM D6521-13 and ASTM D2872-12, 
respectively [71, 72].  Samples of each of these five binders were prepared for ultrasonic testing 
by heating the binders to a pourable temperature and portioning them into Thermosel® cups.  
The cylindrical Thermosel® cups were roughly 80 mm deep with a 20 mm diameter.  When 
filled with approximately 20 g of binder, the cups were filled to within 5 mm of the cup’s lip.  
Once the cups were filled, the binder was allowed to cool. 
A 1.6 mm-diameter, 350 mm-long waveguide embedded 60 mm was used to test the 
various binder samples.  To embed the waveguide, the desired binder sample was placed in the 
Thermosel® chamber and heated to 135 °C so that it was sufficiently fluid.  If the waveguide 
was embedded in cooler, more solid binder, it could potentially bend; heating the sample 
prevented this.  While the sample was heating, the transducer subassembly was assembled as 
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previously described and secured in the test stand cap.  The cap was positioned above the 
Thermosel® such that the binder and the waveguide did not yet come into contact with each 
other and a reference measurement was taken.  Once the binder was sufficiently fluid, the cap 
was lowered to embed the waveguide 60 mm into the binder, which was then allowed to cool to 
25 °C. 
Data was collected every 5 degrees between 25 and 180 °C, allowing 7 minutes between 
tests to ensure uniform temperature throughout the sample.  This test was repeated three times 
for each binder. 
 
IN SITU AGING 
 In addition to investigating the sensitivity of the proposed method by comparing the 
different binders, the device’s potential to measure the change in binder properties as it aged was 
also investigated.  PG 64-22 binder samples were prepared in the manner previously described 
and heated to 155 °C in the Thermosel® chamber; this temperature was chosen because this is 
the temperature at which asphalt binder and asphalt concrete are typically aged.  A 350 mm-long, 
1.6 mm-diameter waveguide was embedded 60 mm into the heated binder after taking a 
reference measurement when the waveguide was submerged in air.  Measurements were taken 
every 8 hours over a period of 120 hours.  This test was repeated three times. 
 
OVEN-AGED BINDER COMPARISON 
 In the previously described, in situ-aging test, binder was aged in Thermosel® cups.  Due 
to their geometry, these cups permitted binder samples limited exposure to oxygen. Asphalt 
binder is an organic compound, meaning exposure to oxygen causes it to become more brittle, a 
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condition termed oxidative hardening [5].  Aging binder samples in Thermosel® cups could 
potentially limit the binder’s exposure to oxygen to such an extent that no noticeable hardening 
would occur, thus preventing the samples from aging.  Therefore, to test binder samples that had 
undoubtedly been aged, binder was also oven-aged in large pans and tested.  The pans permitted 
greater exposure to oxygen and therefore aged the samples more efficiently than in the previous 
test. 
 To prepare samples, approximately 2750 g of PG 64-22 binder was heated to a pourable 
temperature.  Roughly 20 g was immediately poured into a Thermosel® cup, providing an 
unaged reference sample.  The remaining binder was portioned into 18 8” x 8” foil pans, filling 
each with approximately 150 g of binder.  The binder was spread so that is covered the bottom of 
the entire pan as shown in Figure 26.  All 18 pans were placed in a 155 °C oven.  Every two 
hours, a pan was removed from the oven and its contents used to fill a Thermosel® cup to within 
5 mm of the cup’s lip; the samples were then allowed to cool.   
 
Figure 26: Pans used for oven-aged binder testing 
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Once the oven-aged binder samples were collected, they were tested using the previously 
described ultrasonic device.  A cup containing a binder sample was placed in the Thermosel® 
chamber and reheated to 155 °C so that the binder became fluid.  After taking a reference 
measurement when the waveguide was submerged in air, a 350 mm-long, 1.6 mm-diameter 
waveguide was embedded 60 mm into the binder sample and data was collected.  Only one 
binder sample was collected at each aging interval, so the same sample was used to measure 
three replicates.  In order to obtain results from three independent replicates, the test stand was 
disassembled and reassembled between replicates.    
 
5.5 CONCLUSIONS 
Several different tests were performed in order to investigate the applicability of the 
proposed ultrasonic device to the measurement of asphalt binder viscosity.  First, five different 
binders were tested using the device to establish its sensitivity to viscosity variations between 
different performance grades and RTFO- and PAV-aged samples.  Additionally, the effects of 
oxidative hardening were evaluated in situ by aging binder samples in a Thermosel®.  Finally, 
samples that had been oven-aged in large pans to increase the binder’s exposure to oxygen were 
tested, thus enhancing the effects of aging.  The results from these tests are discussed in the 
following chapter. 
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CHAPTER 6: 
RESULTS & DISCUSSION 
 
 
 A partially embedded, ultrasonic waveguide system was proposed for the potential 
measurement of asphalt binder viscosity.  To test the range of capabilities of such a device, five 
different binders were tested, the results of which were correlated to viscosity values measured 
by a rotational viscometer.  Additionally, binder was aged in situ and measured by the ultrasonic 
device.  Finally, oven-aged binder samples, which were more susceptible to the effects of 
oxidative hardening than the in situ-aged samples, were also tested.  All collected signals were 
normalized according to the normalization procedure outlined in Appendix B.  The following 
details the results from each of these tests. 
 
BINDER COMPARISON 
The following binders were tested over a range of temperatures using the guided 
ultrasonic wave approach described: PG 64-22, PG 70-22, PG 58-28, PG 64-22 RTFO and PG 
64-22 PAV.  The magnitudes of the first, second and third end-of-waveguide reflections were 
measured; the results are summarized in Figures 27, 28 and 29, respectively.  In each of these 
figures, the mean magnitudes of the end-of-waveguide reflections are shown for all five binders.  
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The results were averaged over three replicates; error bars are equivalent to one standard 
deviation. 
The same general trend was observed of each of the reflections for each of the tested 
binders.  More specifically, the magnitudes of the end-of-waveguide reflections increased with 
the temperature of the binder.  The observed change in magnitude was attributed to two different 
mechanisms: inadequate energy penetration to the embedded portion of the waveguide and 
energy leakage into the surrounding binder. 
The magnitude of the end-of-waveguide reflection was partially diminished as a result of 
energy not being able to penetrate the binder’s surface. As waves propagated through the 
waveguide, they eventually encountered the air-binder interface and were reflected as a result of 
the impedance mismatch; this is shown in Figure 30.  The amplitude of this surface reflection 
was dependent on the magnitude of the impedance mismatch encountered.  More specifically, 
 
 
Figure 27: Maximum magnitude of the first end-of-waveguide reflection averaged over three replicates for a 1.6 mm-diameter, 
350 mm-long waveguide embedded 60 mm in PG 64-22, PG 70-22, PG 58-28, PG 64-22 RTFO and PG 64-22 PAV binder; error 
bars are equivalent to one standard deviation 
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when the binder was solid, its shear impedance was large and a large reflection occurred.    
Conversely, as the binder became more fluid, the mismatch decreased and the surface reflection 
shrank, allowing progressively more energy to propagate into the embedded portion of the 
waveguide.   
Energy leakage into the surrounding material also attenuated the received signal.   Energy 
leakage was the result of an impedance mismatch between the waveguide and the adjacent 
binder; again, the magnitude of the mismatch dictated the amount of energy leaked.  When the 
binder’s shear impedance was similar to that of the waveguide, i.e. when the binder was cool and 
solid, energy was able to leak into the adjacent material.  Conversely, as the binder was heated 
and became more fluid, the impedance mismatch grew such that ultrasonic energy was reflected 
at the waveguide-binder interface and stayed confined within the waveguide.  As the binder was 
heated and the shear impedance approached that of a perfect fluid, the adjacent binder was 
 
 
Figure 28: Maximum magnitude of the second end-of-waveguide reflection averaged over three replicates for a 1.6 mm-
diameter, 350 mm-long waveguide embedded 60 mm in PG 64-22, PG 70-22, PG 58-28, PG 64-22 RTFO and PG 64-22 PAV 
binder; error bars are equivalent to one standard deviation 
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unable to support the shear disturbances of the torsion waves and the waves were inclined to 
continue propagating within the confines of the waveguide.   Therefore, as temperature 
increased, more energy was expected to transgress the binder surface and less was expected to 
leak into the adjacent binder, thus causing the magnitudes of the observed end-of-waveguide 
reflections to increase. 
When testing the various binder samples, reflections from both the surface of the binder 
and from the end of the waveguide were observed.  Surface reflections were only observed at 
relatively low temperatures, up to about 60 °C.  As previously stated, ultrasonic reflection was 
the result of waves having encountered an impedance mismatch at a discontinuity.  At higher 
temperatures, the binder’s shear impedance was too low to generate an air-binder impedance 
mismatch sufficiently large enough to induce a noticeable surface reflection.  Conversely, this 
same phenomenon was what prevented the occurrence of end-of-waveguide reflections at lower 
 
 
Figure 29: Maximum magnitude of the third end-of-waveguide reflection averaged over three replicates for a 1.6 mm-diameter, 
350 mm-long waveguide embedded 60 mm in PG 64-22, PG 70-22, PG 58-28, PG 64-22 RTFO and PG 64-22 PAV binder; error 
bars are equivalent to one standard deviation 
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Waveguide 
End-of-waveguide 
reflection 
Surface reflection 
Material of interest 
temperatures.  Because the majority of the waves’ energy was reflected at the binder surface, 
there was insufficient energy to propagate to and reflect from the embedded end of the 
waveguide.  As temperature increased and more energy was able to surpass the air-binder 
interface, the magnitudes of the end-of-waveguide reflections increased.  More specifically, end-
of-waveguide reflections became apparent at temperatures warmer than about 50 °C when the 
surface reflections began to disappear. 
 
Figure 30: A partially embedded waveguide showing surface and end-of-waveguide reflection 
From the tests conducted, it was observed that even at cool temperatures, the magnitudes 
of the surface reflections were very small.  This was due to the position of the air-binder 
interface with respect to the guided waves’ direction of propagation.  Torsion waves were 
confined within the waveguide and were therefore not required to physically transgress the 
impedance mismatch at the air-binder interface; therefore, this particular discontinuity had a 
marginal impact on the waves’ propagation. Conversely, when waves reached the end of the 
waveguide, continued propagation was entirely disrupted by the waveguide-binder interface.   
Assuming a sufficient impedance mismatch, this discontinuity had a much more significant 
impact on wave propagation.  Therefore, end-of-waveguide reflections were believed to provide 
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a better metric for measuring viscosity and were monitored throughout the course of testing; 
thus, surface reflections were not monitored. 
Several end-of-waveguide reflections were observed.  As torsion waves traveled through 
the waveguide, they rebounded off the end faces, progressively losing energy as they traveled 
through the embedded portion of the waveguide.  Because later-occurring reflections traveled 
through the binder-covered portion of the waveguide more times than earlier ones, they were 
more sensitive to binder properties.  However, this also meant that they were attenuated more 
rapidly and thus did not provide the same range of measurement.  Therefore, the magnitudes of 
only the first three end-of-waveguide reflections were recorded. 
Without any knowledge of the binders’ shear properties, the relative stiffnesses of the 
tested binders can be determined from the magnitudes of the measured ultrasonic reflections. 
According to Superpave, the high temperature designation of a performance graded binder is 
based on the highest temperature at which the binder is able to sufficiently resist rutting [4, 7].  
In other words, the greater the high temperature designation, the stiffer a binder is expected to 
be.  Similarly, aged binders are victims of oxidative hardening and are thus expected stiffer than 
virgin materials.  Therefore, binders with larger high temperature grades and those subjected to 
aging were expected to yield smaller amplitude end-of-waveguide reflections.  At temperatures 
warmer than 135 and 120 °C for the second and third reflections respectively, the expected 
trends were observed.  At cooler temperatures for the second and third reflections and at all 
temperatures for the first, PG 64-22 appeared stiffer than PG 70-22.  This speaks to the increased 
sensitivity of later occurring reflections.  
In order to validate the ultrasonic measurements, the viscosity of the binder samples were 
also measured using a rotational viscometer as described in ASTM 4402 [26]. Results are 
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summarized in Figure 31; error bars are equivalent to two standard deviations.  The magnitudes 
of the ultrasonic reflections were then correlated to the measured viscosity values for each 
binder.   More specifically, the first, second and third end-of-waveguide reflections are plotted 
against the rotational viscosity values, which are illustrated in Figures 32, 33 and 34 respectively.  
When measured in centipoises, the viscosity of asphalt binder changed by several orders 
of magnitude between 25 and 180 °C.  The magnitudes of the measured ultrasonic reflections did 
not change nearly as significantly.   Therefore, a small error when measuring reflections could 
potentially skew the inferred viscosity values by several orders of magnitude, especially at cooler 
temperatures when binder viscosity changed dramatically.  Ultrasonic measurements must 
therefore be both accurate and precise if binder viscosity values are to be derived explicitly.  
However, despite this potential pitfall, the measured viscosity values and the magnitudes of the 
ultrasonic reflections agreed reasonably well with each other, as illustrated in the figures. 
 
Figure 31: Viscosity values as determined by Brookfield rotational viscometer; error bars are equivalent to two standard 
deviations 
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Figure 32: Correlation between viscosity values determined by a Brookfield rotational viscometer and the maximum magnitude 
of the first end-of-waveguide reflection averaged over three replicates for a 1.6 mm-diameter, 350 mm-long waveguide 
embedded 60 mm in PG 64-22, PG 70-22, PG 58-28, PG 64-22 RTFO and PG 64-22 PAV binder 
 
Figure 33: Correlation between viscosity values determined by a Brookfield rotational viscometer and the maximum magnitude 
of the second  end-of-waveguide reflection averaged over three replicates for a 1.6 mm-diameter, 350 mm-long waveguide  
embedded 60 mm in PG 64-22, PG 70-22, PG 58-28, PG 64-22 RTFO and PG 64-22 PAV binder   
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Figure 34: Correlation between viscosity values determined by a Brookfield rotational viscometer and the maximum magnitude 
of the third end-of-waveguide reflection averaged over three replicates for a 1.6 mm-diameter, 350 mm-long waveguide 
embedded 60 mm in PG64-22, PG70-22, PG58-28, PG 64-22 RTFO and PG 64-22 PAV binder 
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IN SITU AGING 
 The results from in situ aging of the binder are summarized in Figure 35.  From this 
figure, it is clear that the binder did not age significantly, if at all.  As the binder was aged inside 
the Thermosel®, oxidative hardening was expected to occur, thus stiffening the binder and 
causing the magnitude of the of end-of-waveguide reflections to decrease; this expected trend 
was observed of the second and third end-of-waveguide reflections which decreased slightly as 
the binder was exposed to continued heat.  Conversely, the magnitude of the first end-of-
waveguide reflection appeared to increase, suggesting the binder became more fluid.   This 
observation is counterintuitive and its cause is unknown.   However, as a result of these findings, 
in situ aging of binder samples inside the Thermosel® chamber was considered ineffective.   
 
Figure 35: Maximum magnitude of the first, second and third end-of-waveguide reflections averaged over three replicates for a 
1.6 mm-diameter, 350 mm-long waveguide embedded 60 mm in PG 64-22 binder aged in a Thermosel® 
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OVEN-AGED BINDER COMPARISON 
 The results from testing the oven-aged binder samples are summarized in Figure 36.   
From the figure, it is clear that the magnitudes of all three end-of-waveguide reflections 
decreased with increased age as was expected.   
Figure 36: Maximum magnitude of the first, second and third end-of-waveguide reflections averaged over three replicates for a 
1.6 mm-diameter, 350 mm-long waveguide embedded 60 mm in oven-aged PG 64-22 binder 
DISCUSSION 
 From the results presented, it is apparent that end-of-waveguide reflections were sensitive 
to changes in binder viscosity; however, variability between collected measurements was 
undesirably high.   The normalization procedure worked to compensate for test setup variations, 
which were believed to be the main source of measurement irregularity, though its success 
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taken through the end of the test.  Great care was taken to preserve the setup’s integrity, though 
some inconsistencies such as variations in waveguide position and couplant conditions were 
unavoidable, especially when embedding the waveguide.  It is believed that variability due to 
setup inconsistencies would be eliminated with the construction of a more permanent test 
structure. 
 Another potential source of error was the amount of surface area the waveguide had in 
contact with the binder.  At first glance, surface area variations were only the result of the depth 
the waveguide was embedded into the binder sample, which could be controlled to a reasonabe 
extent.  However, binder’s thermal expansion proved to have a rather significant influence as 
well.  In order to prevent bending, waveguides were embedded in binder which had been heated 
to 135 °C as shown in Figure 37a.  Prior to testing, binder samples were then allowed to cool to 
25 °C.  As the binder cooled, it contracted, leaving a thin layer behind on the exposed portion of 
the waveguide and adhering to the sides of the Thermosel® cup, as illustrated in Figure 37b.   
 
Figure 37: Binder position relative to the waveguide when a) initially embedded and b) when testing began 
 
The consequences of the binder’s thermal expansion were two-fold.  Firstly, the 
waveguide was embedded to the desired depth at its heated volume, meaning that as the binder 
cooled, the binder surface was lower on the waveguide than desired.  Therefore, the amount of 
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bulk binder in contact with the waveguide was smaller than at higher temperatures.  Since the 
measured loss-of-signal was attributed to a greater embedded depth, the binder’s attenuation was 
slightly higher than what was reported at lower temperatures; similarly, binder attenuation was in 
reality lower at elevated temperatures compared to what was reported.  Secondly, the film left on 
the waveguide acted to attenuate the signal over the desired length of the embedded waveguide; 
however, the film was relatively thin and it was not believed to attenuate the traveling waves as 
effectively as the bulk material.  Thus, the binder’s attenuation was slightly higher than what was 
reported at lower temperatures.  At temperatures greater than 135 °C, the binder surpassed its 
volume when the waveguide was initially embedded and enveloped the remainder of the film.  
Considering the influence of these factors on the results obtained, the magnitudes of the collected 
signals would be expected to change less rapidly as temperature increased if the embedded depth 
of the binder was controlled more precisely.  However, the changes in the surface area of the 
binder in contact with the waveguide due to thermal expansion were not significant in 
comparison to the total contacted surface area.  Therefore, the fallen binder surface and residual 
film were believed to have minimal influence over the results obtained and were thus neglected. 
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CHAPTER 7: 
 
CONCLUSIONS & FUTURE WORK 
 
 
 
7.1 CONCLUSIONS 
 A guided wave ultrasonic technique has been proposed for the determination of asphalt 
binder viscosity.  Fundamental torsion waves were excited at 250 kHz in cylindrical waveguides 
partially embedded in binder samples.  The magnitudes of the reflections from the end of the 
waveguide were shown to be indicative of binder viscosity between 50 and 180 °C.  Reflections 
from the surface of the binder were also observed at temperatures cooler than 60 °C, though they 
were very small in magnitude and were not as sensitive to binder viscosity as the end-of-
waveguide reflections.   
 The proposed device was investigated by testing five different binder samples: PG 64-22, 
PG 70-22, PG 58-28, PG 64-22 RTFO and PG 64-22 PAV.  The first, second and third end-of-
waveguide reflections were measured and correlated to viscosity values determined by a 
rotational viscometer.   Later-occurring reflections were shown to be more attuned to binder 
properties due to the increased surface area of the waveguide in contact with the binder.  The 
best results were obtained from the third end-of-waveguide reflection, which correctly predicted 
the relative binder viscosities at temperatures warmer than 120 °C.  However, the use of later-
occurring reflections required increased measurement accuracy due to their smaller amplitudes. 
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Binder samples were also tested in situ as they aged inside a Brookfield Thermosel®.  No 
noticeable aging occurred.  This was believed to be a consequence of the minimal binder surface 
area exposed to oxygen. 
Finally, binder samples that had been oven-aged were also tested.  This test allowed for 
increased exposure to oxygen and therefore more effectively aged the binder samples.  The first 
three end-of-waveguide reflections were shown to decrease rather significantly as the binder was 
increasingly aged, which suggested substantial aging occurred as expected.   
 
7.2 FUTURE WORK 
 This results presented have shown that a guided wave ultrasonic device has the potential 
to be successfully applied in the asphalt industry to determine binder viscosity.  However, the 
amplitudes of the end-of-waveguide reflections were correlated to viscosity values determined 
by a rotational viscometer.  If such a device were to be implemented in industry, it must be 
capable of determining binder viscosity explicitly.  Therefore, the equations that govern 
propagation in the waveguide must be solved such that viscosity may be determined directly 
from the measured magnitudes of the collected reflections. 
 The sensitivity of the proposed device could potentially be improved with the use of 
different waveguides.  Waveguides with less mass or with greater surface area in contact with the 
binder, for example tubular or threaded waveguides, would be expected to be more sensitive to 
binder properties.  Additionally, the use of waveguides with different cross sections may also 
influence the results obtained.  More specifically, a waveguide with a trapezoidal cross section is 
likely to be more sensitive to shear properties due to its non-axisymmetric shape, though the 
resultant reflections will likely be influenced by the binder’s compressibility as well. 
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 In addition to changes in the waveguide geometry, the sensitivity of the device may also 
be improved by varying other parameters such as the embedded depth of the waveguide or the 
reflection analyzed.  Sensitivity was shown to increase with contacted surface area but the 
embedded depth was limited by the geometry of the Thermosel®.  Therefore, if a different 
container was used and the waveguide was embedded further into the binder sample, earlier-
occurring reflections would likely yield results comparable to or better than the results presented. 
 One unexplained outcome from the tests performed was the magnitude increase of the 
first end-of-waveguide reflection collected when the proposed device was used to test binder in 
situ as it aged.   Further investigation into this observed phenomenon may provide some insight 
to binder behavior and is thus worth further study.  
 Finally, a more permanent device must be constructed before this method’s 
implementation in the asphalt industry.  In addition to being more practical, a permanent device 
would be affected by fewer setup variations and the results obtained would therefore be expected 
to improve.  
The proposed device was shown to be sensitive to the viscosities of different binder 
grades, especially at temperatures warmer than 120 °C.   Additionally, the device was also shown 
to be attuned to the effects of aging.  Based on the results of the tests conducted and the range of 
measurement observed, the use of a guided wave viscometer may potentially alleviate the need 
for multiple instruments to determine the rheological properties of asphalt binder over a wide 
range of temperatures.  Furthermore, sample preparation is minimal and may potentially be 
further diminished such that testing of bulk samples may be possible.  Finally, measurements 
may be taken much quicker in comparison to traditional means since there is no need to wait for 
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equilibrium to be established.  Therefore, the proposed guided wave viscometer is a likely 
candidate for implementation in the asphalt industry. 
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APPENDIX A:  
WAVEGUIDE SELECTION 
 
 
 Before the proposed ultrasonic device could be used to determine binder viscosity, the 
waveguide parameters needed to be determined.  More specifically, the diameter, length and 
embedded depth of the waveguide needed to be established such that the collected waveforms 
varied over the temperature range of interest for each binder and yielded consistent results across 
replicates performed on the same binder.  Therefore, tests were conducted to determine each of 
these parameters independently. 
 
A.1 DIAMETER TEST 
 After a review of the literature and from analysis of the dispersion curves, it was 
determined that the waveguide diameter should be on the order of 2 mm.  Therefore, three 550 
mm-long waveguides, each with 1.6 mm, 2.0 mm and 2.4 mm diameters respectively, were 
embedded 55 mm into PG 64-22 binder samples and tested.  The 550 mm length was chosen to 
ensure that end-of-waveguide reflections were easily distinguishable from other signal features.  
The 55 mm depth was chosen so that the waveguide had a large surface area in contact with the 
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binder, thus giving the signal sufficient opportunity to react to the binder properties.  The optimal 
length and depth were determined from later, independent tests. 
 
PROCEDURE 
Prior to testing, PG 64-22 binder was heated to a pourable temperature and portioned into 
Thermosel® cups which were roughly 80 mm deep with a 20 mm diameter. Cups were filled 
with approximately 20 g of binder so that the binder came to within 5 mm of the cup’s lip.  To 
test each of the waveguides, a binder-filled cup was placed inside the Thermosel® chamber and 
heated to 135 °C while the transducer subassembly was constructed as described in Chapter 5.  
The subassembly was then secured in the test stand cap which was positioned above the 
Thermosel® so that the waveguide was not able to come into contact with the binder.  Once the 
binder was sufficiently heated, the cap was lowered so the waveguide was embedded 55 mm into 
the binder.  Heating the samples permitted the binder to become sufficiently fluid, thus 
preventing the waveguide from bending as it was embedded.  Once a waveguide was embedded, 
the binder sample was allowed to cool to 25 °C.   
 Signals were collected between 25 to 180 °C at 5 degree intervals; the binder was 
allowed seven minutes between measurements to ensure uniform temperature throughout the 
sample.   This test was repeated three times for each waveguide diameter. 
 
RESULTS 
The results from the tests performed with the 1.6 mm, 2.0 mm and 2.4 mm-diameter 
waveguides are summarized in Figures A1, A2 and A3.  The mean magnitudes of the first, 
second and third end-of-waveguide reflections for each of the waveguides tested are shown in 
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each figure, respectively. Reflections were averaged over three replicates; error bars represent 
one standard deviation. Each of the collected signals was normalized by a reference 
measurement as outlined in Appendix B and was additionally scaled to unity for reasons 
discussed below.  The regions labeled on each plot denote the range of temperatures ill-suited for 
measurement due to a minimal change in the magnitude of the measured reflection. 
 
Figure 38: Maximum magnitude of the first end-of-waveguide reflections averaged over three replicates and normalized to 
unity for 350 mm-long waveguides with a) 1.6 mm, b) 2.0 mm and c) 2.4 mm-diameters embedded 50 mm in PG 64-22 binder 
showing feasible range of measurement; error bars are equivalent to one standard deviation 
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The signal parameters were unchanged when testing all three waveguides.  Therefore, the 
same amount of energy was used to excite torsion waves in all three cases.  However, a larger 
diameter waveguide has more mass than a smaller one, meaning that with the same energy input, 
the amplitude of the waves generated is greater for smaller-diameter waveguides.  Furthermore, 
larger waveguides have more surface area in contact with the binder, meaning the transmitted 
 
Figure 39: Maximum magnitude of the second end-of-waveguide reflections averaged over three replicates and normalized to 
unity for 350 mm-long waveguides with a) 1.6 mm, b) 2.0 mm and c) 2.4 mm-diameters embedded 50 mm in PG 64-22 binder 
showing feasible range of measurement; error bars are equivalent to one standard deviation 
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energy will attenuate more severely.  Due to these differences between the waveguides, the 
magnitudes of the waves propagating down them are not comparable, rendering contrast of the 
reflected magnitudes trivial.  Therefore, each curve was scaled to unity so that the range of 
measurement associated with each waveguide could more easily be analyzed. 
 
 
Figure 40: Maximum magnitude of the third end-of-waveguide reflections averaged over three replicates and normalized to unity 
for 350 mm-long waveguides with a) 1.6 mm, b) 2.0 mm and c) 2.4 mm-diameters embedded 50 mm in PG 64-22 binder 
showing feasible range of measurement; error bars are equivalent to one standard deviation 
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The viscosity of asphalt binder is of interest primarily between 40 and 180 °C.  This is 
the temperature range binders typically encounter during construction [1, 5, 18].  It has also been 
observed that binder properties change the most dramatically over this range.  Therefore, it is 
desirable that the magnitude of the reflected ultrasonic energy vary significantly over this 
temperature range.  Otherwise, a great deal of measurement precision will be required to 
accurately correlate the magnitudes of the ultrasonic reflections to the measured viscosity.  
Denoted regions in each of the figures illustrate the temperatures over which the magnitudes of 
the reflections did not change significantly and therefore highlight the temperatures at which a 
particular waveguide was ill-suited for ultrasonic viscosity measurement.  For a given waveguide 
to be considered for measurement at a specific temperature, the measured end-of-waveguide 
reflection must be greater than 2% of the maximum measured reflection for that specific test.  
Furthermore, the percent difference between the reflection at the temperature of interest and the 
reflection measured at the previous temperature must be greater than 3%.  From the results 
presented, the waveguide with the greatest range of measurement, the 1.6 mm-diameter 
waveguide, was used in all subsequent testing. 
 
A.2 LENGTH TEST 
When determining the optimal waveguide diameter, 550 mm-long waveguides were 
used; Figure A4 is an example of one of the collected time signals.  From the figure, it is clear 
that subsequent reflections were in no danger of overlapping and that the first end-of-waveguide 
reflection did not interfere with the “main bang” at the beginning of the signal; this implies that 
the waveguide was sufficiently long.  However, longer waveguides have a tendency to bend and 
proved difficult to center in the Thermosel® cup when testing.  Therefore, the use of shorter 
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waveguides was preferred as long as the end-of-waveguide reflections were easily interpretable.  
The following details the tests conducted with waveguides of various lengths; 550 mm-, 450 
mm- and 350 mm-long waveguides were tested. 
 
PROCECDURE 
PG64-22 binder samples were prepared as previously described.  For each test, a binder 
sample was placed in the Thermosel® chamber and heated to 135 °C so that it was sufficiently 
fluid.  While the sample was heating, the transducer subassembly was constructed as described in 
Chapter 5 and secured in the test stand.  The cap was lowered to embed the waveguide 50 mm 
into the binder, which was then allowed to cool to 25 °C.  
Figure 41:  Sample of a collected time signal for a 550 mm long, 2.4 mm diameter waveguide  
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Measurements were taken at 5 degree intervals up to 120 °C, allowing 7 minutes between 
measurements to ensure uniform temperature throughout the sample.   This test was repeated 
three times for each waveguide length. 
 
RESULTS 
The results obtained from testing the 350 mm-, 450 mm- and 550 mm-long waveguides 
are summarized in Figure A5.  The mean magnitudes of the first, second and third end-of-
waveguide reflections, averaged over three replicates, are shown for the waveguides tested. Error 
bars are equivalent to one standard deviation.  All collected signals were normalized according to 
the procedure outlined in Appendix B. 
Figure 42: Maximum magnitude of the first, second and third end-of-waveguide reflections averaged over three replicates for 
a 1.6mm-diameter, 350, 450 and 550mm-long waveguides embedded 55mm in PG64-22 binder; error bars are equivalent to 
one standard deviation 
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Testing with all three waveguides yielded similar trends and similar amplitudes for each 
end-of-waveguide reflection, which was to be expected.  The only variable in this test was the 
length of the waveguides or the distance the sent signal must travel through steel before reaching 
the binder sample.  Steel is not very attenuative so even when testing with waveguides of 
different lengths, similar magnitudes were expected of each of the end-of-waveguide reflections.  
Instead, this test was more practically motivated; shorter waveguides were easier with which to 
work and were therefore preferred over longer waveguides.  As a result, the shortest waveguide 
for which the end-of-waveguide reflections were easily interpretable was considered ideal. 
Figure A6 shows a time signal collected from testing with a 350 mm-long waveguide.  
From the figure, it is clear that there was sufficient time between subsequent reflections, thus 
suggesting the potential use of a shorter waveguide.  However, if the waveguide was shorter, the 
first end-of-waveguide reflection would interfere with the main bang, which is characteristic of 
the pulse-echo transducer configuration [34].  When set to operate in this way, the transducers 
receive the signals they are responsible for having generated.  The region of the time signal for 
which the transducers receive their own, transmitted signal is commonly referred to as the main 
bang and appears at the beginning of the time signal; the time span of this region dictates the 
minimum waveguide length that can be used.  If the waveguide was short enough such that the 
first end-of-waveguide reflection occurred in this region, smaller amplitude reflections, such as 
those observed when testing binder at lower temperatures, would be overlooked due to the main 
bang’s presence.  Waveguides shorter than 350 mm in length could not be used at risk of this 
happening so 350 mm-long waveguides were deemed optimal and were used in all subsequent 
testing. 
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A.3 DEPTH TEST 
 A third test was performed to determine the optimal embedded depth.  Binder is more 
attenuative at lower temperatures when it is solid and becomes increasingly less attenuative as it 
softens at higher temperatures.  The test to determine the optimal embedded depth, described 
below, was conducted at several temperatures in order to assess the waveguides’ capacity for 
capturing binder behavior as it varies with temperature.  Thus, 1.6 mm-diameter, 350 mm-long 
waveguides were tested at various depths and multiple temperatures to determine which depth 
yielded optimal results. 
 
  
 
Figure 43:  Sample of a collected time signal for a 350 mm-long, 1.6 mm-diameter waveguide  
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PROCEDURE 
PG 64-22 binder samples were prepared in the same way previously described.  For each 
test, a binder sample was placed in the Thermosel® chamber and heated to 135 °C so that it was 
sufficiently fluid.  While the sample was heating, the transducer subassembly was constructed as 
described in Chapter 5 and secured in the test stand cap.  The cap was lowered to embed the 
waveguide 15 mm into the binder, which was then allowed to cool to the desired test 
temperature.  After a signal was collected at this depth, the cap was further lowered to embed the 
waveguide an additional 5 mm.  This process was repeated until the binder was embedded 60 
mm in the binder sample.   At depths greater than 60 mm, the end of the waveguide approached 
the base of the Thermosel® cup.  This was undesirable because energy that had already been 
leaked to the binder could potentially rebound off the cup walls and reenter the waveguide, thus 
skewing results.   Subsequent measurements were taken three minutes apart to allow the samples 
to equilibrate after further embedding the waveguides. 
This test was performed at 10 degree temperature intervals between 70 and 120 °C; this 
temperature range was chosen because this is the range over which the binder’s properties were 
previously observed to have changed the most rapidly.  The test was repeated three times at each 
temperature and at each depth. 
 
RESULTS 
 Figures A7, A8 and A9 show the results from testing a 350 mm-long, 1.6 mm-diameter 
waveguide embedded various depths in binder at several temperatures.  Each figure respectively 
illustrates the mean magnitudes of the end-of-waveguide reflections averaged over three 
replicates; error bars are equivalent to one standard deviation.  The results from these tests are 
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also summarized as surface plots in Figures A10, A22 and A12.  All collected signals were 
normalized according to the procedure outlined in Appendix B. 
 
Figure 44: Maximum magnitude of the first end-of-waveguide reflections averaged over three replicates for a 1.6 mm-diameter, 
550 mm-long waveguide embedded in PG64-22 binder; error bars are equivalent to one standard deviation 
 
From the figures, it is clear that the largest amplitude reflections occur at shallow depths 
and high temperatures, which was to be expected.  Shallow depths imply less surface area in 
contact with binder; thus, there is less surface area through which the acoustic energy can leak.  
On the other hand, as binder is heated, it becomes more fluid, meaning the viscosity and 
therefore the shear impedance decrease.  Both of these factors cause minimal attenuation of the 
sent signal, resulting in larger amplitude reflections. 
The optimal embedded depth of the waveguide was one that was sensitive to slight 
changes in viscosity and one that did not cause the signal to attenuate so severely that signals 
were indistinguishable from system noise.  Sensitivity increased with surface area in contact with 
the binder and thus increased with depth.  However, if the waveguide was embedded sufficiently 
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deep, all of the signal’s energy could potentially leak from the waveguide leaving nothing to 
measure.  From the results obtained, it was clear that the latter did not occur for the first or 
second end-of-waveguide reflections. Therefore, to maximize measurement sensitivity, all 
subsequent testing implemented waveguides embedded 60 mm in the binder sample. 
  
 
 
 
 
 
 
 
Figure 45: Maximum magnitude of the second end-of-waveguide reflections averaged over three replicates for a 1.6 mm- 
diameter, 550  mm-long waveguide embedded in PG64-22 binder; error bars are equivalent to one standard deviation 
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Figure 46: Maximum magnitude of the third end-of-waveguide reflections averaged over three replicates for a 1.6 mm-diameter, 
550 mm-long waveguide embedded in PG64-22 binder; error bars are equivalent to one standard deviation 
 
Figure 47: Maximum magnitude of the first end-of-waveguide reflections averaged over three replicates for a 1.6 mm-diameter, 
550 mm-long waveguide embedded in PG64-22 binder 
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Figure 48: Maximum magnitude of the second end-of-waveguide reflections averaged over three replicates for a 1.6 mm- 
diameter, 550 mm-long waveguide embedded in PG64-22 binder 
 
Figure 49: Maximum magnitude of the third end-of-waveguide reflections averaged over three replicates for a 1.6 mm- diameter, 
550 mm-long waveguide embedded in PG64-22 binder 
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A.4 CONCLUSIONS 
Independent tests were conducted to determine the optimal waveguide geometry and 
embedded depth.  Three waveguide diameters, three waveguide lengths and 10 embedded depths 
were investigated over a range of temperatures.  From the results of these tests, it was determined 
that the optimal waveguide was 1.6 mm in diameter, 350 mm in length, and embedded 60 mm 
into binder samples; waveguides with these parameters were used in all subsequent testing. 
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APPENDIX B: 
SIGNAL NORMALIZATION 
 
 
In order to draw any conclusions from the collected data, the amassed waveforms must 
be consistent across replicates of the same test.  Consistent waveforms are the result of 
successful torsion wave generation in the waveguide.  However, there are several factors that 
influence the generation of these waves; transducer pressure, couplant conditions, transducer 
polarization, and waveguide position and geometry are some of the most apparent.  Firstly, the 
shear transducers must be polarized precisely 180 degrees so that torsion waves are successfully 
generated.  Furthermore, the pressure on the waveguide imposed by the transducers must be 
uniform across all tests for a constant amount of energy to be transmitted to the waveguide.  
Sufficient couplant is needed to efficiently transmit the energy produced by the transducers.  The 
waveguide must also be correctly positioned with respect to the transducer faces so that the 
energy will effectively propagate down the waveguide.  Additionally, if the waveguide is bent or 
if the ends are not completely flush, a successfully generated torsion wave will convert into other 
modes, which is undesirable.   
Losses resultant from any of these setup variations as well as those characteristic of the 
waveguide material must be omitted in order to prevent them from being falsely attributed to the 
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presence of the binder, thus leading to an over estimation of the binder’s viscosity.  
Experimentally, it is extremely difficult to control all of these variables, primarily due to the fact 
that the test setup must be reconfigured before each test to accommodate different waveguides, 
embedded depths and binder types.  Not accounting for these variables, one would expect 
significant variations in the magnitudes of the end-of-waveguide reflections regardless of the 
waveguide responses or the binder properties. This is illustrated in Figure B1, which shows three 
replicates of the same test for PG 58-28 binder.  If any meaningful conclusions are therefore to 
be drawn, the end-of-waveguide reflections must be normalized such that they only indicate 
variations in the binder properties and not those of the test setup. 
Figure 50: Raw first, second and third end-of-waveguide reflections for 3 replicates collected with a 1.6 mm-diameter, 350 mm-
long waveguide embedded 60 mm into PG58-28 binder. 
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property.  This is often accomplished by measuring the amplitude of a reflection resultant from 
the impedance mismatch between the waveguide and either air, water or a calibration fluid.  
Furthermore, if the set up remains unchanged between the reference and test measurements, it 
can be used to free all subsequent measurements from test system variations.  This is shown 
explicitly by writing the amplitudes of the end-of-waveguide reflections when the waveguide is 
submerged in binder and when it is submerged in air in terms of their attenuation components, as 
illustrated in Equations 5 and 6:  
   
              
                     (5) 
   
             
          (6) 
In the above equations, A
T
 is the amplitude of the end-of-waveguide reflection taken with the 
instrument submerged in binder at a given temperature T, while A
air
 is the amplitude of the end-
of-waveguide reflection when the instrument is submerged in air.  The subscript * denotes that 
the setup is unchanged between these two measurements.  As is the amplitude of the sent signal 
as generated by the equipment; T and R stand for transmission and reflection coefficients, 
respectively.  The subscripts T, W and B represent the transducers, the waveguide and binder 
respectively.  For example, TTW is the transmission coefficient associated with the transfer of 
energy from the transducers to the waveguide while RWB is the reflection of the wave from where 
the waveguide comes into contact with the binder.  The exponential terms represent the loss 
attributed to the waveguide and the binder, where αsteel and αbinder are the attenuation values for 
steel and binder, respectively.  Finally, l is the total length of the waveguide while D is the length 
of the portion of the waveguide embedded in binder. By taking the ratio between these two 
signals, shown in Equation 7, it is apparent that the  variability of the test setup can be 
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eliminated, leaving only parameters that are influenced by the material properties of the binder, 
that is, the reflection and the attenuation due to the presence of the binder: 
   
 
     
     
           (7) 
This normalization ratio is independent of system variations and therefore represents the signal 
as it changes due to the binder’s properties at temperature T.  The temperature T was chosen as 
the temperature at which the largest end-of-waveguide reflection occurred in a given data set in 
order to exploit the increased signal-to-noise ratio.  Following the reasoning presented, it is 
prudent to scale the raw data such that the maximum magnitudes of the end-of-waveguide 
reflections have the same amplitude as the normalization ratio at temperature T; this effectively 
removes the influence of the system variations from the raw data.   
To determine the appropriate normalization ratio for each test, a measurement was first 
taken when the waveguide was submerged in air.  Without changing the test setup, the 
waveguide was then lowered to the desired depth in the binder at temperature T and another 
measurement was taken.  The magnitudes of the observed end-of-waveguide reflections were 
used to determine normalization ratios associated with the first, second and third end-of-
waveguide reflections for that particular test; this process was repeated three times for each test. 
 In order to successfully apply the normalization ratio to the raw data, the trend observed 
had to first be captured.  Each collected point within a given data set was divided by the 
magnitude of the largest end-of-waveguide reflection measured during that test, thus forcing a 
maximum amplitude of unity as illustrated in Figure B2.   To appropriately scale each of these 
curves, each point in a given data set was then multiplied by the applicable normalization ratio.  
This normalization process yielded replicate data independent of test setup parameters, as 
depicted in Figure B3, and was thus applied to all collected data. 
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Figure 51: First end-of-waveguide reflections normalized to unity for 3 replicates collected with a 1.6 mm-diameter, 350 mm-
long waveguide embedded 60mm into PG58-28 binder 
 
Figure 52: Maximum magnitude of the first, second and third end-of-waveguide reflections averaged over three replicates for a 
1.6 mm-diameter, 350 mm-long waveguide embedded 60mm in PG58-28 binder; error bars are equivalent to one standard 
deviation 
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APPENDIX C: 
 
TEST STAND COMPONENTS 
 
 
 
 
Figure 53: Base support ring for transducer stand. 
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Figure 54: Center support ring for transducer stand. 
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Figure 55: Cap for the transducer stand. 
 
